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T. INTRODUCTION

This introduction cites all the salient results of this pro-
gram and has been written specifically for those requiring a less
detailed exposition.

A. Structural materials capable of reducing noise and vibra-
tion are generally not considered in the initial design of mili-
tary systems., In the past, noise suppressors, such as acoustic
absorbers (and even ear plugs) have been added-on after the
initial design simply because structural alloys with good damp-
ing capacity have been unavailable. The present research pro-
gram has demonstrated that at least two such damping alloys
exist Fe(l4w/oCr) and Co(19w/oFe) and that when these alloys
replaced structural components in two military systems,
significant noise reduction was achieved. (1-5)*

B. Initially this program sought new structural alloys
with high damping capacity at audible frequencies (20-4000 hertz)
and attempted to understand the damping mechanism. In addition,
the yield strength, Young's Modulus, cost, and fabrication factors
were considered in order to show that these alloys were attrac-
tive for military systems. Finally, the two most promising alloys
were tested in military systems: 1.) The Fe-Cr alloy in a 1/6
scale model of an armoured personnel carrier (M113). 2.) The
CoFe alloy in a torpedo propeller.

C. Novel damping alloys such as Nitinol (Ni-Ti) and copper-
aluminum-nickel (both of which derive their damping characteristics
from thermoelastic martensite transformations and commercial
damping alloys such as NIVCO (Co-Ni-Ti-Al) (6) and INCRAMUTE (Cu-Mn-
Al) (7-10) (whose damping depends upon magnetic interactions) have
been available for a number of years, but they all have serious
shortcomings. The first two are only useful over a small temperature
range of a few degrees and are difficult to fabricate while NIVCO

* Underscored numhers in parentheses denote references.
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has a fairly low damping capacity and INCRAMUTE exhibits poor
corrosion resistance. In the pressnt program, a family of CoFe
and FeCr alloays (with som® Mn and Al additions) which could be
heat treated to ylield very high damping characteristic have
been synthesized. Although the atomic mechanism leading to

the high damping capacity is not clear, it appears that a com-
bination of magnetic and crystal structure factors play a role.
These alloys have been cast, forged, cold worked, fabricated
into rod and cold rolled into foil Suggesting a variety of
applications.

D. Figure 1 is a bar graph comparing the damping capacity
(loss factor) and 0.2 percent offset yield strength for variovus
damping alloys. NIVCO and INCRAMUTE were supplied by commercial
vendors although the NIVCO required a further 15% reduction in
thickness by cold rolling to optimize its properties. The
Co-Fe, Co-Fe-Mn, Co-Fe-Al, and Fe-Cr-Al alloys were annealed
samples fabricated for this study. All data in Figure 1 were
taken at 25°C. The loss factors were measured at 200 hertz by
the so called '"resonant dwell' method (described in detail later
in the report), employing a cantilevered beam at a peak stress of
2000 psi. While it is known that many materials show increased ;
damping capacity at higher stress levels and in some cases g
show marked frequency dependence at low frequencies (~1 hertz), ?
‘this study has been confined to audible frequencies and to g
medium stress levels (500-2000 psi). 3

E. The Co-Fe alloys [80Co-20Fe], when modified with either
a 2.5 w/o Al addition or a 4 w/o Mn addition,demonstrated
(Figurel) that one can achieve a wide range of strength and ;
damping albeit the two properties are inversely related.
However, to assess the practical considerations of these alloys
in military systems, one must also determine the temperature
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| _

Comparison of Loss Factors (right scale) and
Yield Strengths (left scale) at 25°C, 150-

250 Hertz (cps) and 2000 psi peak stress.

The loss factors for structural steel and
aluminum are too small to be seen on this scale.
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dependence nf the damping as shown in Figure 2. Only the Fe-Cr
and Co-Fe alloys show high damping over a significant temperature:
range.

F. The Fe-Cr alloys Fe (15 w/o Cr 3 w/o Al) and Fe
(14 w/o Cr .05 w/o C) simulating both a commercial Japanese
damping alloy and a type 405 stainless steel are promising
corrosion resistant alloys with strengths from 37000 to
42000 psi and temperature independent loss factors of ,015
to .035. They can be produced relatively inexpensively
(up to 80 cents per pound).

G. Measurements of the loss factor »f the Co-Fe and Fe-Cr
alloys in a saturating magnetic field lead decrease the loss fac-
tor by approximately 50% suggesting that the magnetic domain
walls only partly account for the loss factors. A measurement
of the loss factor in Co-Fe at 500 psi and 2000 psi stress
levels shows an increase in the loss factor from .02 to .04
which is consistent with some previous work indicating the
loss factor is proportional to the square root of the stress.

H. Since the Surgeon-Generals office has identified the
(aluminum) armored personnel carrier (M113) as producing a po-
tential healthk hazard to its occupants due to the high interior
noise level (>120db) and since BBN has carried out noise level §
measurements on a 1/6 scale aluminum model; it was decided to 1
fabricate a second 1/6 scale model using the Fe-Cr damping
alloy for the exterior hull. A photo of the model is shown in _
Figure 3 and in Figure 4 are shown the comparative results of }
the interior sound level measurements at various frequencies
for vehicle speeds of 6 and 50 mph. There is very little .
difference at the low speed (where the noise level is not a -
problem) but, at the higher speed differences of as much as

10 db are observed.
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I. A sacond recognized military noise problem arises
from the induced vibration of the aluminum propellers used in

torpedo propulsion. In Figure 5 is shown such an aluminum

propeller. An identical propeller wa§ fabricated (cast and
. finish-machined) from the Co-Fe alloy.and tested under water
by BBN. The results are given in Figure 6 and again show

significant reductions in transmitted sound levels (~10 db),

R R

J. These results indicate that the Fe-Cr and Co-Fe
damping alloys are worthy of further development. Specific

work projects might include;

1. Some basic research to establish the atomic
damping mechanism.

2. Testing in both torsion bars and tank treads
on the M-113.

3. Optimization studies of these alloys with
respect to strength, damping, armor capabilities
etc.

4., Incorporation into other underwater systems.

K. It is likely that such structural damping alloys will
find use in many non-military products since noise suppression

is very fashionable.

’ L. The basic mechanisms by which ..orational energy is

absorbed by a thermoelastic martensitic transformation have

been studied in detail in Cu-Al1-Ni alloys. The energy

-11-
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absorbing mechanisms are found to be highly repeatable around

Ms - that is, the damping capacity does not readily deteriorate.

The damning is due to the motion of specific crystal defects

which are inherent to the martensitic transformation - in

particular, the motion of stress-induced martensite-parent

around Ms’ and martensite-martensite, and twin-twin interfaces -

below Ms have been shown to cause the major portion of the

damping. See Figure 107. Further investigation is warrented
in thermoelastic martensites to examine the characteristics

of high damping, elastic energy storage, and repeatability.
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IT. DESCRIPTION OF THE EXPERIMENTAL METHODS FOR MEASURING
DAMPING

The methods employed for characterizing the loss
factor of the metals and alloys investigated in this program
arebased on the resonance dwell technique. Resonance measure-
ments of loss factors have been discussed by Heine (11) and
Cremer, Heckl and Ungar (12). The specific '""Resonance Dwell
Apparatus'" employed in this study was designed and built
at Bolt, Beranek and Newman and incorporated a flexible
temperature range of operation between -100°C and +300°C.
This feature permitted evaluation of the candidate alloys
over a range of temperatures where change in behavior could
be observed. Measurement of the specimen loss factor, gg,
as a function of temperature, stress level, frequency, (and
in some cases magnetic field) provided a direct means
for characterizing the damping behavior.

The resonance dwell technique is a forced vibration
method of indirectly determining the loss factors of simple struc-
tural elements by measuring their response to excitation at a modal
frequency (11-12). For a thin beam, where the mode and dynamic
stress distributions are well known, the specific damping capacity
of the material (energy dissipated per unit volume in one stress
cycle at a given peak stress divided by 27 times the peak poten-
tial energy in the unit volume at the same stress) may be inferred
from the determined loss factor.

In this test, the specimen loss factor in a mode (usually
rhe fundamental) is determined from the resonant amplification fac-
tor, or Q, of the specimen in that mode. The mechanical Q of a

-13-
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é i vibrating system is defined in terms of a characteristic deflection
6§ of the system due to distributed exciting forces proportional to
the inertia forces of the mode in question. The amplification fac-
tor at resonance is

where 6 1is the deflection due to the distributed exciting force
being applied statically and Gres is the deflection when the
same pattern of forces is applied in simple harmonic motion at the
modal natural frequency. The relationship between Q, the specimen
loss factor gy, and the logarithmic decrement { of a single-degree-

of-freedom system is

T=g e (2)

Q! - g, (3)

The advantages of the resonance dwell method are: first,
the ratio 60/6res for a properly designed specimen is dependent
only upon the damping in the specimen; second, the vibration ampli-
tude Gres may be maintained at any constant level so that specimen 4
damping may be determined as a function of a well-defined stress ;
history; and third, because nothing is attached directly to the j
vibrating specimen extraneous energy losses are minimized.

The method for ensuring that the beam specimen is excited
at a mode is straightforward. The apparatus is constructed in such
a way that the specimen acts as a vibration absorber placed on an 9
excited single degree-of-freedom supporting system (see Figure 7). !
At a natural frequency of the beam, the response of the supporting
system is minimized. The frequency of the response minimum, and .
hence of the beam mode, can therefore be determined by monitoring
the acceleration of the supporting system.

A sketch of the apparatus is shown in Figure 8., A can-
tilever beam specimen of a test material is clamped to a bar which

-14-
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is connected at one end to an electromagnetic shaker and the other
to « heavy base, The thickness of the bar at the base end has been
reduced by a saw cut to provide a pivot around which the remainder
of the bar can rotate when excited by the shaker. Figure 9 shows
the configuration ¢f a typical reed-type test beam.

The shaker is connected to the bar by a rod which passes
through a hole in the base. The hole is sealed by a rubber dia-
phragm which keeps the gases that are used for temperature control
from leaking out of the chamber.

Control of the temperature of the test beam is provided
by a commercially available environmental chamber that has been
modified to provide some viewing ports. The chamber can be raised
to a temperature of over 600°F by air that is blown over electric
heaters. It can be cooled to -100°F by allowing carbon dioxide to
expand through the chamber.

The base shown in Figure 8 may be placed on any conven-
ient solid surface, such as a laboratory table. Excitation of the
base by the shaker reaction is minimized by the large mass of the
base and by supporting the body of the shaker on a jack which
passes between th2 legs of the base. The jack provides some isola-
tion of the shaker from the table. The isolation can be imprcved
by supporting the shaker on a "bridge'" that is tied to the floor.
Measurements of the acceleration of the base showed the present
configuration to be adequate.

The response of the supporting system [y(t) in Figure 7]
to shaker excitation is measured with an accelerometer mounted on
the bar at the root of the specimen. Specimen response [x(t) in
Figure 7 ] is measured optically with a low power microscope with
a retical. '

Figure 10 shows a block diagram of the electronic instru-
mentation that is used in conjunction with the reso,ance dwell ap-
paratus. Only two electronic measurements are requ{red--identifi-

cation of the resonant frequency of the test beam, anc accelero-

-17-
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meter output. The remaining measurement is the nonelectronic opti-
cal measurement of displacement of the beam tip. That measurement
is facilitated by the "stop-action" feature of a stroboscope.light
that is set to flash at nearly the same frequency as the frequency
of the mechanical oscillation of the test beam. Figure 11 shows a
photograph of the environmental chamber and the associated elec-
tronies,

The response of a test bean in the resonant dwell appara-
tus can be described by the following mathematics. For cantilever
beams in their fundamental mode of vibration, tip amplitudes as a
function of peak stress and specimen natural frequency are given by

(o]
Ye,DA 3.63(;5)7%% . (a)

where yt‘DA = peak to peak amplitude (in.), o_ = maximum stress

]
(psi), £, = specimen design natural frequency (Hz), E = Young's
Modulus (psi), and p = material density (1b/in'). The fundamental

natural frequency of a cantilever beam of length L (in.) and thick-
ness h (in.) is ’

£ = o (beB75L) %, (328)'/2 (5)

The working equation relating the specimen loss factor

g5 and root acceleration a,, fundamental specimen frequency £,
and beam tip double amplitude Y+ DA is
?

a,
gs = 0.083 (1 + 0.2L) — (6)
fa Ye,DA

where a, is the bar acceleration in in./sec? measured by the
accelerometer at the frequency f, (the response minimum). The lat-

ter is themeasured resonance frequency determined by otserving a

maximum amplitude. The amplitude, Yt ,DA is determined.visually.
Each beam specimen may be run at the frequencies of modes

higher than the fundamental. In practice, however, the highest
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useful mode is usually the second (though for specially designed
specimens the third might be used), because the tip amplitude for.
a given stress becomes very small with increasing frequency and be-
cause the force required for the excitation of a given stress in-
creases with both mode number as well as frequency. For example,
a force higher by a factor of more than 3 is required to excite a
10,000 psi peak stress in a specimen with a 650 Hz second mode than
for a specimen designed to have a 650 Hz first mode even though the
tip amplitudes required are the same'for the two specimens.

The formulas equivalent to Equations 4 and 5 for the
second mode are

.1 .4.6941,2% . 32E '/2
£, z1r(L)h(p) (7
and
8s,2 = 0.045 (1 + 0.056L) _f_;i__ (8)
2y
t,DA

The measurements described in this section were obtained
with a nickel-titanium reed-type sample like the specimen. shown in
Figure 9. The test specimen was prepared by standard heat treat-
ment and temperature cycling 70 times between -90°C and +65°C.

Preliminary measurements of the temperature distribution
within the test volume of the commercial te.iperature chamber re-
vealed that the temperature was not uniform, and the temperature at
a given point in the chamber varied with time for a fixed setting

"of the temperature control. Therefore, it was necessary to measure

the temperature of the test specimen by attaching an iron-constan-
tan thermocouple to its surface (near the root of the beam).

These measurements also showed that the specimen loss fac-
tor of the Nitinol test beam depended on the amplitude of
vibration of the tip of the beam at a fixed temperature at which
the higher loss factors were exhibited. In addition, the value of
the loss factor and the relationship between the loss factor or
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tip amplitude at a given temperature depended on the past history
of the temperature changes. That is, the damping properties at a
given temperature were not necessarily the same when the sample was
cooling as when it was heating.

The resonant frequency of the test beam varied as the tip
amplitude and temperature were changed. Some of the change in loss
factor with changing tip amplitude may have been caused by the ac-
companying fr2quency change, and not by the:‘amnlitude change. How-
ever, the changes in resonant frequency were small., The resonant
frequency of the test beam was between 150 Hz and 200 Hz for the
entire range of temperature and tip amplitude covered during the
tests. ‘

Figure 12 shows that the specimen loss factor determined
from the observations of the test specimen was not a function of
tip displacement for the higher temperatures where low¢r values
of loss factor were observed. Figurel2 also shows that the mea-
sured specimen loss factor was a relatively strong function of tip
displacement at the lower temperatures where high specimen loss
factors were measured.

The strain-independence of the loss factor at 77°F would
seem to rule out dislocation motion and magnetic domain motion as
the mechanisms that generate the observed loss factor since those
mechanisms are predicted to be stress (and therefore strain) depen-
dent (10). Of the known mechanisms for generat.ng internal friction
in metals, theory predicts that only thermal diffusion is indepen-
dent of stress (ibid). Substitution of the values of the thermal
coefficients for the test sample into the equation to predict the
sample loss factor due to thermal diffusion yielded a value which
is an order of magnitude lower than the constant value in Figure
12. Therefore, the loss factor measured at 77°F does not reflect
the internal friction level characteristic of thermal diffusion.
However, it may be possible to obtain this magnitude of damping
by thermoelastic martensitic behavior. It seem unlikely that
the equipment gave extraneous high readings at 77°F,
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FIGURE 12. AMPLITUDE-DEPENDENCE OF THE SPECIMEN LOSS FACTOR
OF NICKEL-TITANIUM SAMPLE NUMBER V4609-80.
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since readings an order of magnitude lower (in agreement with ther-
mal diffusion theory) were obtained above 100°F,

A number of graphs like those shown in Figure 12 were
used to pick off the specimen ldss factor corresponding to a con-
stant tip displacement (zero to peak) of .02 in. for various temper-
atures. It was necessaTy to use separdte graphs for heating sequen-
ces and cooling sequences. The value of the loss factor depended
slightly on the strain sequence (increasing or decreasing strain).
Straight lines were fit through the points on the graphs like those
in Figure 12. Curved lines may have been equally appropriate. The
straight line provided better definition of the temperature depen-
dence of the damping factor than was obtained before any attempt
was made to plot the damping factors at constant tip amplitude.

Figure 13 shows the specimen loss factors determined from
observations of the nickel-titanium test specimen. The curve re-
veals some apparent hysteresis in th: -amping properties of the spe-
cimen--the specimen loss factors effective at temperatures near 80°F
appeared to be different for the cooling and heating cycles. Rela-
tively small errors in the measured output of the thermocouple at-
tached to the root of the test beam could have contributed to the
apparent hysteresis. If portions of the test beam were not at the
same temperature that was measured at the root of the beam, there
might have been apparent hysteresis generated by the non-uniform
temperature of the beam.

The point that lies well above the curve in Figure 13 was
determined from observations of the test sample that were made on a
different day from the observations that yielded most of the other
points in the figure. That point provides some evidence that the
response of the test sample depended on the past history of the sam-
ple, which is consistent with the observed temperature hysteresis
of the damping prorerties of the test sample.

Laboratory measurements showed that the internal damping
of mechanical vibrations of a Nitinol test beam was unusu-
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-ally high at temperatures below about 80°F., The specimen loss fac-

tor approached .01 near 0°F at about 200 Hz and about 5000 psi
stress. The value for the loss factor is more typical of built-up
composite structures than homogeneous samples (13,14). The values
of the loss factor determined from the measurements depended on
temperature, past history of temperature, the amplitude of the tip
of the vibration test reed, possibly upon the resonant frequency
of the test beam, and slightly upon the strain history of the

test beam. (Examination of Figure 47'(page 71) will show that

the low temperature behavior is associated with the low strength
due to ease of twin formation. A discussion of the mechanisms

for damping in thermoelastic martensite is given on page 182 ff).
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III. MEASUREMENT OF TRANSFORMATION, DAMPING AND STRENGTH
3 CHARACTERISTICS OF A 55Ni-4STi ALLOY AND 83Cu-14A1-3Ni
ALLOYS
1. Resistivity of Nitinol

A substantial portion of the effort in the initial
phase of this program was directed toward establishing whether
the damping phenomenoa observed in'NiTi is directly related
to the onset of a transformation or if it occurs in a tempera-
ture range above Ms where "atomic shuffles" are thought to . ‘
take place. 1In order to test the latter hypothesis it was 1
decided to perform simultaneous measurements of the electri-
cal resistance and acoustic emission of NiTi samples as a
function of temperature. The measurements were conducted on
the standard '"reed" samples (Figure 9) which BBN requires for
measurements of damping capacity as a function of temperature.
The resistivity of a typical NiTi 55 w/o alloy is shown in
Figure 14 as a function of temperature cycling through the

R ERRTY NPT SR RRrS

transition range. Simultaneous metallographic and resistance
measurements do not disclose actual formation of the daughter E
or martensite phase in the region where the resistance increases. !
This is where the "atomic shuffles" are supposed to take place.

In order to determine if these "soft mode displacements'" lead

to enhanced damping, specimens were temperature cycled many

times to obtain a well defined resistivity peak. The peak

in the cooling curve represents the MS temperature as defined

by the temperature at which the first observable surface relief

forms on cooling (15-17). -
The present results obtained by BBN indicate that the
increase in damping capacity begins in the temperature regime .

above M corresponding to the region of increasing electrical
resistivity during cooling of the NiTi alloy.

In order to perform the above experiments, a precision \
electrical resistivity apparatus was constructed using the
double Kelvin Bridge principle. This apparatus uses an L§N
type K-3 potentiometer, a standard cell, constant voltage supply, a

-28-
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regulated power supply, a LGN resistance standard and a L&N D.C.
null detector. The precision of measurement obtained is of the
order of 1 x 10-* ohm-cm.

An acoustic apparatus was designed and constructed to
yield information as to the types of martensitic transformations
occuring, i.e, burst phenomena, thermoelastic, etc. This equip-
ment uses a wire hook-up from a crystal transducer to the specimen.
Standard amplifier and loud speaker are connected to the-transdu-
cer. In addition, an Esterline Angus high speed recorder was con-
nected so that a permanent record could be made of the acoustic
emissions from the specimen during temperature cycling through the
temperature range of interest. No acoustic emissions have been ob-
served to date in experiments performed on NiTi samples as cycled
through the "soft-mode" and the martensitic transformation tempera-
turc ranges. In contrast, much acoustic activity was detected dur-
ing transformation in experiments using 70 Fe-30 Ni alloys in which
"burst-type" martensitic transformation is known to occur (18). The
above experiments indicate that the mechanism of martensitic trans-
formation in the highly damping NiTi alloys is of the thermo-elas-
tic mode.

In order to establish a stable transformation behavior
as a baseline treatment for samples tn be treated prior to various
measurements, multiple temperature cycles between -65°C and +90°C
were employed. The cycling treatment consisted of immersion in a
Dow Corning 200-10CS/Dry Ice mixture held at -65°C and a second
Dow Corning 200-10CS bath at 90°C. A ten-minute cycle is employed
in this treatment. Figure 15shows the resistance-temperature
curve obtained after seventy-six cycles. Since these characteris-
tics are well defined, a treatment of 50-70 cycles was selected as
the basis for preparation of specimens to be evaluated by calorim-
etry, damping and Young's modulus measurements over the -65°C to
90°C temperature range.

A second series of experiments designed to evaluate the
effects of cold work on the transformation characteristics was

- 31 -
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carried out. These studies were conducted by heat treating strips
of 55 w/o NiTi (4866) by annealing at 790°C fo- thirty minutes,
quenching in water and cycling between -65°C and +90°C fifty times.
Following this treatment the electrical resistance of the 190 mil
x 250 mil x 5.5 inch strip was measured as a function of tempera-
ture. Figure 16shows the results of this test. Subsequently, the
strip was deformed by rolling at room temperature. This treatment
was followed by a second set of fifty temperature cycles between
-65°C and +90°C. Finally the resistance-temperature characteris-
tics were measured again. Three levels of deformation were em-
ployed in this series of tests. These corresponded to 3.2%, 7%
and 15.2%. The resultant measurements (obtained on three differ- A
ent bars) are shown in Figures 17-19. These curves show that defor-
mation in the 0-7% range broadens the temperature range of the
transformation while 15% deformation seems to obscure the change
of resistance with transformation or eliminate the transformation
. entirely. These test bars were examined by determining their damp-
; ing characteristics so that the effect of deformation on damping 1
E could be evaluated. The results have been combined to determine
the optimum treatment which can be employed to achieve attractive
damping and strength characteristics.
Due to the difficulty in machining NiTi specimens, it
was decided to determine the possible usefulness of a flat-type
specimen as compared with the standard reed-type specimens em-
ployed for damping capacity measurements in the BBN Resonant Dwell
Apparatus. Specimens of each type were fabricated and were temper-
ature cycled (up to seventy-six cycles) to yield stable tempera-
ture resistivity curves prior to measurement of damping capacity
as a runction of temperature by BBN. The results of the damping
studies on the flat-type specimens did not compare favorably with
the standard reed-type samples. As a consequence, the latter con-
figuration was employed exclusively. The transformation char-
acteristics of the 55 w/o NiTi alloy (i.e. 55 w/o Ni-45 w/o Ti)
f were redetermined at tensile stresses of 1275 and 5484 respectively.
i Figures 20 through 22 show the results of runs numbered 124, 130 and
131. Identical samples of the 55 w/o Ni-45 w/o Ti alloy were an-
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nealed and run through fifty temperature cycles between -65°C and
+90°C. Figure 20 shows the resistivity-temperature curve obtained
on a sample with no applied tensile load. The resistivity peak
occurs at about +20°C, in good general agreement with the results
obtained for samples of this alloy which were run earlier as shown
in Figures 2 and 3. Figures 21 and 22 show the resistivity-temper-
ature curves obtained on the companion samples while tensile loads
corresponding to stress levels of 1275 and 5484 psi respectively
were applied. No appreciable shift in Ms was observed.

2. Damping in Nitinol. :

The BBN resonant dwell apparatus generates damping (Q-?')
versus temperature curves. The applied bending stress ié between
1 and 10 ksi, and the frequency is between 100 and 1000 Hz. Ex-
perimentally, it was found that the damping varies with the cycl-
ing of the temperature-control unit, but the quality of the measure-
ments could be improved significantly by d~terming the damping
isothermally versus strain amplitude (tip deflection). This in-
volves me:asuring the resonant frequency and the accelerometer out-
put as a function of conttolled tip displacement. Over the range
of tip displacement Ye the acceleration a, and the resonant frequency
fn of the sample are each nearly linear functions of Ye which in-
creases confidence in the values of a,, and fn as shown in Figure
23. The damping, Q™!, is nearly independent of bending stress
Y, at low values of Q™! but increases with Ye at larger values
as illustrated in Figure 24.

"Isothermal" curves of fn and a, versus y,  were taken on
both cooling and heating; values of fn and a, were selected for
Y¢ = 0.040 in. and used to calculate Q"' (Equation 6). All speci-
mens were first heated to well above Ms’ held for 15-30 minutes,
then slowly cooled to the temperature at which the measurement was
to be made, and held for 15 to 20 minutes to insure thermal equili-
brium. The fn versus y, and a, versus y, data were taken by increas-
ing Yt in a stepwise fashion at the given temperature. Each of these
"isothermal" curves yields one point on the damping versus temperature
plots, and since only comparatively few of these measurements can
be made each day, compatibility of measurements taken on different

-
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days had to be determined. The agreement was found to be good.
Figure 25 is a plot of damping versus temperature data for speci-
mens with different stress and thermal histories. Figure 26 shows
the curves for specimens during heating and cooling. There is a
small hysteresis.

The dynamic Young's modulus of NiTi, measured at 180Hz,
was determined as a function of temperature by noting the varia-
tion in resonant frequency. These results, together with data on
the change in electrical resistance and heat capacity, measured in

a differential thermal calorimeter, are shown as a function of tem-
perature in Figure 27.

On cooling, the marked increase in the damping capacity
and the decrease in Young': moaulus set in at the same temperature
(approximately 45°C). The increases in electrical resistance and
heat capacity also .tart together, but at a temperature (approxi-
mately 25°C) which is some 20°C lower than the temperature at
which the modulus and damping start their increase. The Mg of
this alloy is, however, indicated by the peak in the resistivity
curve on cooling, and this occurs at about 5°C. The damping thus
seems to increase significantly before Mg is reached (in the un-
stressed sample) and this may result from (1) stress-induced mar-
tensite (i.e. the stress-induced raising of ‘Mg), (2) premartensitic y
effects in the alloy, or (3) a combination of both. (c/f Section VII). z
i In initial tests of NiTi alloys, the cantilever beam por- f
4 tion of the sample deformed (i.e. it both twisted and bent) during V
é testing. The cause of this deformation was believed to be con-

" nected with the '"shape memory" of this material. More specifically,

the machining and heat treating operations combined to cause the
- NiTi samples to bend and twist as the sample transformed while the E
g temperature was lowered to effect a martensitic (or reverse) trans- '
formation. The bending and twisting of the sample is deleterious 3
: to testing using the resonance dwell apparatus because of the é
: change in stress distribution associated with the deformation. In 3
: order to avoid macro-deformation associated with the transformation,

R A IR T T R o T T I T P T e

; -43-




T ~“""wnrw1

LMV T R SRR

ALt

3 IER WD ST SRR,

vL/S/y
vL/It/y

vL/E/Y

vL/8/%
Qh“m“Q

M 08-609y °ON uamidadg
. (91dwes adeys piepuels)
: TLIN
durto0)

40 PO

(ur o¥0°0 = £ 3juelsuod ® 103) Butrfood uo ainjeradwdy

e L e T el L TR S

"1l Oo/M Sp-IN Oo/mM S§ Jo 3ldues e 103 : "

Jo uoriduny e se (53) io3oey Surdwep uawrdzads °§Z sund1yg
(D,) sanjexaduag

| S Banss mamme sy

o

LIS

-t

L J T . LJ

LE L B Q.H

08 09 ov 0Z 0 0Z - ov -

-0
-44-

01

T P b 1k A sk SRS 07, a2 gl 6 A RN




-

Surjeay
8uijood ©

08-6097 “ON uamtdads
(a1dmes adeys piepuels)
TLIN

‘1L 0/m Sp-IN O/m SS jo ardues
e 103 8urjood> pue 3urle’y yjoq uo ainjexadwa)
JO uor3d>uny e se (S8) 1031de3 Surdwep uowtdads 97 2andtyg

(O,) 9injerddway

08" 09 o¥ 02 0 0Z- of -

| L d R J L 4 v L J L R L] L J L] Ld L J LJ v ’lcﬁ
-
] )
1¢-01
4
-
1. o1




F A ” o S ——
]
E ]
' ‘2'0 P 4 4 ™ ——— | ZEEm— Pr— T ¥ Y 14 14 v i
08
; e 3
E oy
: g. '2.5 o . 3
£ - NiTi 4609-80 4
h .!

TE3.0} 1 4

| 2
i & -3.5¢ . 3
1 f
i 3
-] ;

|° 11 I L _

2% 10

s | e ‘ .i

| o= 9} NiTi 4609-80 o

3 8 - ;

§ > 1t ) ?

H o ;

: >

£ Ao . s - E

¥ N o+ 10 S NlTl 4609'80 - :

! 2 2 3

' o ® i

! )
o

5 9 :

:
: oo ;
&* o 0 "‘ -
- 2o / ‘
& Bl & -2t - q
4 - l NiTi 4609-70
.‘jgt : -4 - 4 9 "
N ':‘Lﬂ -6 L o ;

80 <40 -20 0 20 40 60 80 100
Temperature (°C)

Figure 27. Specimen damping factor, Young's modulus, ]

relative resistivity and heat evolved as

a function of temperature for the same

series (4609) of 55w/oNi-45w/oTi.

-46-




I R SRR T

[ T

Semmp e

g N TS A L e

wapey -
H

RN L AT T e A A, Ry Eahal

the samples were heat treated with the intention of putting a %
straight untwisted beam into the "memory" of the sample. To do f
this, the NiTi specimen was fixed in an appropriately shaped steel '
clamping device, put into a furnace at 800°C, allowed to come to .
equilibrium and then water quenched. The quenched samples were i
then thermally cycled (through their M, temperatures) approximately 2
seventy-five times before damping tests were performed on these :
samples.

The damping tests on samples V-4866-40 and V-4866-60
(55 w/o Ni-45 w/o Ti) are shown in Figures 28 and 29. The cooling
curves are shown as solid lines and the dashed lines indicate the
heating curves. The two figures show curves which are similar to
each other. Upon cooling both of the samples showed a significant
increase in damping by 40°C, the damping continued to rise to a
maximum at about 22°C. The damping then more or iess levels to an
approximately constant value. On heating, the damping curve basic-
ally follows the same path as the cooling curve except that the
maximum is reduced and there is a hysteresis effect. That is, the
damping remains high to a temperature above that where the damping
first increased on cooling.

During the tests on samples V-4856-40 and -60, the beams
deformed slightly so that the memory was not entirely "straight."
Figures 28 and 29 can be compared with Figure 30 which shows the
damping curve of sample 4866-40 before the effort to straighten
the beam. In this test the beam deformed significantly, but as
shown in the figure, the basic shape and position (with respect to
temperature) of the curve is the same as the curves from the
(approximately) "straight memory" samples.

An important point which was necessary to clérify was
the location of the martensite start temperature (Mg) in relation
to the damping curve. The resistivity curve of a 4866 sample
(thermally cycled through Mg seventy-five times) indicates the Mg
is at about 20°C. However, there was a question as to how much
the (vibratory) stress applied by the resonant dwell apparatus

-47-
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f - might raise the Ms temperature. In order to obtain a reasonable

’ estimate of how Ms is affected by the stress (applied by the test-
ing apparatus), the resistivity of a sample of V-4866 NiTi material
was measured with a dead load of 1275 psi and 5485 psi (the maxi-

: mum stress applied in the damping test). These tests showed that

Ms (indicated by the temperature at the peak in resistivity) was

not shifted (see Figures 20-22). The conclusion of the damping and
resistivity measurements is that the damping increases significantly
(that is, some 20°C) before Ms is reached. This suggests that the
damping increase upon cooling is initially (in the 40°C to 20°C
range) caused by premartensitic phenomena. It is also of interest
to note that the dynamic Young's modglus (i.e., the modulus measured
at the resonant rrequency of the sample) has a minimum near the same
temperature that the damping is at a maximum. (Note also the anom-
alous positive slope of the modulus above Ms). The curves for
damping, Young's modulus, and resistivity versus temperature are
shown in Figure 31 for sample #4866-40. The cooling curves (solid
lines) of each property have extrema at approximately the same tem-
perature. Also, viewing the heating curves (dashed lines), ex-
trema are again found at about the same temperature.

; It is apparent that the damping reamins at a high level l

B E AT P SRR <o g e o

R R i e

even after Mg (approximately -10°C) has been reached. Thus the
mechanism which causes the high damping (up to 20°C) is probably
distinct from the mechanism which causes the high damping from
20°C to -45°C. 1In order to gain further information about the
mechanisms causing damping, a thermal-tensile stage for a light
microscope was constr:.zted. The stage was tested over the

h; temperature range of -50°C to +60°C. The stage was constructed
“ in order to observe the behavior of the sample when a stress

is applied and subsequently removed at various temperatures.
Samples of V-4866 NiTi were polished (both mechanically and

% electrolytically) ard observed in the stage (with no ap-

plied stress) as the temperature was lowered from 60°C to -50°C.
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Figure 31. Damping behavior, Young's modulus, and
electrical resistivity as a function of
temperature for NiTi alloy 4866.
(55 w/o Ni-45 w/o Ti)
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No surface relief caused by the martensite was noted in these
samples.

In order to evaluate the effects of cold working on the
loss factor, Q" !, a series of samples were cold worked and then
machined into reeds. These were subsequently cycled eighty times
between -90°C and +100°C and measured over the range -60°C to ’
+80°C. Figures 32-37 show the results for Q! versus T and the
dynamic Young's modulus versus temperature. The general features
of these curves are similar to those shown earlier in Figure 27.
However, the results obtained for the sample which received 15%
reduction do not show the maxima and minima exhibited by the other
curves.

| 3. Damping in Cu-Al-Ni

The damping behavior of 83 w/o Cu-14 w/o Al-3 w/o Ni
are measured by preparing samples of this alloy in the single
crystal and polycrystalline forms. The initial results were ob-
tained on a polycrystalline sample. Figure 38 shows these results
disclosing rather high loss factors. However, subsequent examina-
tion showed that the sample exhibited some cracks which may have
contributed to the damping. Consequently, several single crystals
of this material were prepared and the measurements repeated.

Samples of Cu-14.0A1-3.0Ni and Cu-14.1A1-3.0Ni have been
run on a differential thermal calorimeter at AMMRC. C(Critical re-
sults indicate that the MS of the sample can be determined quite
well by calorimetry. Small samples (approximately 20mg) indicated
that the B,+y, martensitic reaction occurs in a very narrow temper-
ature range--less than 0.07°C between the MS and Mf for the samples
tested (indicating from measurements made at the slowest rate of
temperature change allowed on the machine used). Larger samples
(approximately 120mg) showed a difference of approximately 5.0°C
between MS and Mf. This may be the effect that the bulk charac-
teristics of the larger sample have on the thermoelastic transforma-
tion. 1In both large and small samples there is an appreciable
difference between As and Af (about 15°C) and the heat liberated
versus temperature curve exhibits a significant amount of struc-
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Figure 32. lLoss Factor vs. Tcmperature Curve for a Sample of
55 w/o Ni-45 w/o Ti mecasured at 160-190 Hertz and a Stress
of 2000 psi. The sample was cycled 80 times between -90°C
and +100°C prior to testing. The final cycle ended by
heating from -90°C to 25°C. The Mg is at +17°C.
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Figurc 36. Dynamical Youngs Modulus vs. Temperature for 55 w/o Ni- \
45 w/oTi measured at 145-190 Hertz at a Stress of 2000 psi.
The lower sample was deformed 3.2% by rolling prior to 80
cycles between -90°C and +100°C before testing. The final

cycle ended by heating from -90°C to 25°C. The Mg is at
+17°C.
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Figure 37. Dynamical Youngs Modulus vs. Temperature for 55 w/o Ni-45 w/o
Ti measured at 155-190 Hertz at a Stress of 2000 psi. Both
samples were deformed by rolling prior to 80 cycles between
-90°C and +100°C before testing. The final cycle ended by
heating from -90°C to 20°C. The Mg is at +17°C.
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ture, The complexity of the transformation curves will be better
understood after further optical study of the transformations.

Samples of Cu-14,0A1-3.0Ni single crystals have been
polished and optically examined. The reported color change has
been observed to occur in the transformation of B1*Y{ (8 is an or-
dered BCC phase and is copper-red in color; yi is basically an or-
dered HCP structure and is a yellowish-gold in color). A sample of
the By (parent) phase was transformed under an optical microscope
by adding liquid nitrogen to the glass dish holding the sample.

The martensite phase was seen to grow into the parent phase in a
slow (thermoelastic) manner. The martensite plates were seen to
retract in a similar manner when the sample was reheated above Ag.
A thermal recycling of the Bl*vi transformation indicated that the
microstructure did not have a "memory." The lack of a "microstruc-
tural memory' may be due to the rapid and erratic manner in which
the sample was thermally cycled.

In order to gain some idea of possible mechanisms which
contribute to high damping in the thermoelastic alloys, a simple
stressing device was constructed. A Cu-Al-Ni sample was stressed
about 200 psi in compression and observed simultaneously under a
low-power light microscope. As the sample was stressed, twins
could be seen to appear and to increase in length and number as
the stress was increased. These same twins disappeared immediately
upon the release of the stress. The interface between the Yi mar-
tensite and the 8, Parent phase was allowed to move upon the appli-
cation of an applied stress. The amount of Yi increased with the
applied stress. After the stress was removed, the Yi*Bl interface
retracted slightly, but did not fully recover its original un-
stressed position.

Figures 39 and 40 show the results of Loss Factor and
Dynamic Modulus versus temperature measurements on single crystal
samples of the Cu-Al-Ni alloy. The loss factor is quite high be-
low the Mg temperature. However, the alloy exhibits a very low
modulus and the loss factor drops off rapidly above +50°C.
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4., Yield/Strength of Nitinol.

A series of experiments were carried out tc evaluate the
strength levels attainabt.e in the 55 w/o NiTi alloy in the temper-
ature range where high damping levels could be achieved. As a
first step, annealed samples were exposed to fifty temperature cy-
cles between -65°C and +90°C and then tested at +83°C, +20°C, 0°C
and -74°C in tension. Figures 41-44 show the stress-strain curves
obtained from these tests. The 0.2 percent offset strain yield
strength is indicated in each case. This heat of the 55 w/o Ni-
45 w/o Ti alloy (4866) exhibits an MS at +17°" after multiple cycl-
ing as can be seen in Figures 15, 16, 17 and 18. Thus the +83°C
arnd +20°C tensile tests correspond to temperatures above Ms while
the 0°C and -74°C tests correspond to temperatures below Ms' The
latter give low yield strengths near 20,000 psi. However, at
20°C,yield strengths in the 47000-55000 psi range are attained.
The s.ress-strain curves shown in Figures 41-44 were obtained on
samples which were cycled fifty times between -65°C and +90°C. 1In
each case, the final stcp was heating from -65°C tc room tempera-
ture before tensile testing. Figures 45-46 show the results
chtained when the final cycle consists of cooling from 100°C to
woom temperature. In this case, lower strength levels are

obtained.

Figure 47 is a composite representation of the damping,
electrical resistivity,and 0.2% offset yield strength data as a.
function of tempcrature. Although heats 4609 and 4866 are beth
55Wi-45Ti, the MS temperatures are slightly different being 7°C and
17°C respectively. As a consequence, the yield strength data
(taken on heat 4866) have been displaced hy -10°C.  Nevertheless,
the composite data shcwn in Figure 47 shows that in the tempera-
ture range above M_, high damping values near 5 x 10" ° and stfengths
in the vicinity ofv47000-55000 psi can be obtained simultaneously.
Since the effect of plastic deformation is to broaden the transfor-
mation range (i.e. see Figures 17 and 18) it is quite likely that
the temperature range where high strength and high damping factors
can be obtained simultancously will be increased by deformation.
Moreover, the strength levels will undoubtedly be higher than
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~ -
AN
wn
&8
[~ .
ot .
192]
40 -l
- 0.2 PERCENT OFFSET
STRAIN )
20 =
0
0 1 2 3 4 5 6 7 8

STRAIN (PERCENT)

Figure 41. Stress-strain curve for 55 w/o Ni-45 w/o Ti Alloy
at +83°C after 50 temperature cycles betwcen -65°C
and +90°C. The final step was heating from -65°C

]
to 25°C. -65-
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Specimen 48683 7
Two Inch Cauge length
iauge Thickness: 0.064 inch
Gauge Width: 0.170 inch
80 Test Temperature = +20°C
Mg = +17°C

60

s (). 2 PERCENT OFFSET
YTELD STRENGTH
46900 PSI

40 -

s} il o+ et L MBI YLt LB il

20
—»J /~a—— 0.2 PUHRCENT OFFSET
STRAIN
0 )
0 1 2 3 4 5 6 7

STRAIN (PERCENT)

Figure 42, Stress-strain curve for 55 w/o Ni-45 w/o TI Alloy
at +20°C after 50 temperature cycles between -65°C
and +29°C. The final step was heating from -65°C
to 25°C.
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Specimen 4866-3

Two Inch Gauge Length

CR Gauge Thickness: 0.064 inch
@ 80 b= Gauge Width: 0,170 inch
Test Temperature = 0°C

Mg = +17°C

1 |
| :'

60 L

STRESS (KSI)

40 p=

____aen—

20 ———— 0.2 PERCENT OFFSET ’
YILELD STRIENGTII i
20000 PSI }s
. - ;
~—— 0.2 PLERCENT OFFSET
STRAIN :

g 0 1 2 3 4 5
STRAIN (PERCENT) |
Figure 43, Stress-strain curve for 55 w/o Ni-45 w/o Ti Alloy E
at 0°C after 50 temperature cycles between -65°C i
and +90°C. The final step was heating from -65°C ;
to 25°C. :
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Specimen 4866-2
- Two Inch Gauge Length
80 Gauge Thickness: 0.064 inch
Gauge Width: 0.170 inch
Test Temperature = -74°C
Mg = +17°C
v
60 | - §
é < 1
! 0
w
b
=4
e
w r
£
?
20 % 0.2 PERCENT OFFSET %
YIELD STRENGTH
20000 PSI ;
fa——— 0.2 PLRCENT OFFSET -ﬂ C
j STRAIN ¥
, 6 ’
STRAIN (PERCENT) J
: Figure 44. Stress-strain curve for 55 w/o Ni-45 w/o Ti Alloy i?
§ , at -74°C after 50 temperature cycles between -65°C “
i and +90°C. The final step was heating from -65°C i
| to 25°C. | X
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Specimen: 4866-V-8

80 Two Inch Gauge Length
Gauge Thickness: 0.064 inch

4 Gauge Width: 0.168 inch 3

4 Test Temperature: 40°C

b Mg = +17°C

i . 60

; APPARENT ELASTIC

] LIMIT 19500-PSI

1 7

%

: :n

3 2 40

. o

] =

§ n

; 0.2 PERCENT OFFSET

; * YIELD STRENGTH 31400 PSI

!: Sample was cycled 80 times

3 between -90°C and +100°C.

20 The final step was cooling
' from 100°C to 25°C.

1.0 2.0

1 STRAIN (PERCENT)

i Figurc 45. Stress-Strain Curve for 55 w/o Ni-45 w/o Ti at ac°c

i after Cycling.
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Specimen: 4866 V-7
Two Inch Gauge Length
80 Gauge Thickness: 0.062 inch -
~Gauge Width: 0.165 inch
Test Temeerature: 20°C
Mg = +17°C
60 ;— +
+- Sample was cycled 80 times -T
; between -90°C and +100°C,
: . The final step was cooling
: 5 from +100°C to 25°C.
@ 40 #,- APPARENT ELASTIC "f
i = LIMIT 6600 PST
i =
t )
20 %- .T
0.2 PERCENT OFFSET
YIELD STRENGTH 14200 P'S]

1.0 2.0
STRAIN (PERCENT)

Figure 46. Stress-Strain Curve for 55 w/o Ni-45 w/o Ti at 20°C

after Cycling.
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Logarithm of da-ping factor

Relative Electrical

0.2% Offset Yield Strength (psi)

Resistance

-3.5

1.0

0.9

0.8

60,000

50,000

40,000

30,000

20,000

10,000

e Sl Sl S et e i ki

-60 -40 -20 0 +20 +40 +60 +80 +100

' 2.0
// i 2.5
? S5N145Ti
v 4609-Mg=7°C 5.0
”,¢' Damping '
”,/’ X Capacity
? 3.5
é 1.0
// 0.9
% 5SNi45Ti j
/ 4609 -Mg=7°C 0.8 f
| Electrical
High Damping Resistance ,
High Strength - / < . ;
Temperature Range A :
15°C to 35°C ////’ ;
60,000 {
Strength measured % 3 ‘ 50,000
following heating |
from -65°C to +25°C A
/,/’ 40,000
/ ,°  S5NiaSTi
’ 4866-Mg=17°C
/ el 0.2% offset 30,000
Yield Strength
/ # (Note: This
7 curve has been 20,000
X displaced by -10°C
Strength measured Mg |2 to compensate for }
Fafter cooling from / differences in Mg 10,000
100°C to 25°C .
-6v -40 -20 0o . +20 +40 +50 +80 +100

Temperature °C

Figure 47. Damping Capacity, Electrical Resistance and 0.2%
Offset Yield Strength for 55Nid5Ti as a function of
temperaturc after Multiple Cycling Trecatment.
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;hose shown in Figure 47, Measurements of the damping behavior
and yield strength of plastically deformed samples were carried
out in order to test this hypothesis.

Figures 48 through 57 show the results which were ob-
tained on tensile testing the 55 w/o Ni-45 w/o Ti alloy after cold
working. 1In all cases, the samples were cycled and tested after
heating to room temperature. The results for the samples obtained
by 3% and 7% cold reduction in thickness, which are displayed in
Figures 48-53, show a decrease in strength as compared to the sam-
ples which were not cold worked. However, the samples which re-
ceived a 15% cold reduction in thickness were considerably stronger,
exhibiting 0.2 percent offset yield strengths in the 60000-70000
psi range between 0°C and 83°C.

In view of the low modulus of the 55 w/o Ni-45 w/o Ti
alloy disclosed by the tensile tests, an attempt was made to ob-
serve anelastic behavior by performing '"load-unlcad tests" which
were interrupted to observe relaxation or '"elastic memory behav-
ior." Figure 58 shows the results of such a test where a sample
of the material which had received a 3% cold reduction was mechan-
ically cycled. The observed stress-strain curve follows the enve-
lope shown in Figure 48 where no load cycling was applied. The
results indicate an increase in elastic modulus on loading with
increasing number of stress cycles. Thus the modulus increases by
20% in the twelfth cycle as compared to the initial cycle. There
is an appreciable increase in mechanical hysteresis with increas-
ing plastic strain. Upon unloading to a low stress level and
holding for thirty minutes,the amount of anelastic strain recovery
was about 0.02%. The data on yield strength and electrical re-
sistance are combined with data on damping capacity for the 55 w/o
Ni-45 w/o Ti alloy with 3%, 7% and 15% cold reduction. The results,
shown in Figures 59-61, are counterparts to the overall comparison
displayed in Figure 47, These results indicate that the best com-
bination of properties can be achieved by a 15% cold reduction which
generates yield strengths in the 60000-70000 psi range over the
0°C-80°C temperature range in combination with loss factors of Q!
equal to 100 x 10-" at 25°C and at temperatures down to -60°C. At

60°C the loss factor drops to 30 x 10™".
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Figure 48,

Specimen: 4866-3%-1

Fwo Inch Gauge Length

Gauge Thickness: 0.064 inch
Gauge Width: 0.169 inch
Test Tem?erature: 20°C

Mg = +17°C

0.2 -PERCENT OFFSET
YIFLD STRENGTH
28700 PSI

Sample was rolled to a

3% reduction in thickness
and cycled 80 times between -
-90°C and +100°C. The

final step was heating from
-90°C to 25°C.

1.0 2.0
STRAIN (PERCENT)

Stress-Strain Curve for 55 w/o Ni-45 w/o Ti at 20°C
after Cold Work and Cycling.
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Specimen: 4866-3%-2
80 Two Inch Gauge Length
Gaure Thickness: 0,065 inch
Ga. ,e Width: 0.169 inch
Test Temgerature: 40°C

Ms = +17°C
60 1
APPARENT -y
ELASTIC LIMIT
12200 PSI
40) -

0.2 PERCENT OFFSET
YIELD STRENGTH

23900 PSI
20 '

Sample was rolled to a

3% reduction in thickness
and cycled 80 times between
-90°C and +100°C. The final
step was heating from -90°C
to 25°C. 11

v ' : 1.0 2.0
STRAIN (PERCENT)

Figure 49. Stress-Strain Curve for 55 w/o Ni-45 w/o Ti at 40°C
after Cold Work and Cycling.
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§ 3
§ Specimen: 4866-7%-3 1
Two Inch Gauge Length 3
8 Gauge Thickness: 0.065 inch
: Gauge Width: 0.109 inch 4
: Test Temperature: 0°C E
Me17°C
i _ APPARENT ELASTIC i
} = LIMIT 10000 PSI 3
192} 3
% :
n k
. Z 1
% ;
0.2 PERCENT OFFSET 3

YIELD STRENGTH

] 31800 PSI ,
% 3
¢ :
§ Sample was rolled to a 3
2 7% reduction in thickness b
; and cycled 80 times 3
between -90°C and +100°C. ;
The final step was heating 1

- from -90°C to 25°C.

it o b2 PAESERET o,

0 1.0 2.0 ;
STRAIN (PERCENT) ;

Figure 50. Streéss-Strain Curve for 55 w/o Ni-45 w/o Ti at 0°C
after Cold Work and Cycling.
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Specimen: 4866-7%-1

Two 1nch Gauge lLength

Gauge Thickness: 0,065 inch
Gauge Width: 0.i09 inch
Tesat Temucrature: 20°C

Mg = +17°C

APPARENT ELASTIC

LIMUT

Figure

10800 'S

0.2 PERCENT OFFSIE'E
YIELD STRENGITH
28800 'S

Sample was rolled to

a 7% reduction in thickness
and cycled 80 times between
-90°%C and +100°C.  The final
step wes heating from -90°C
to 25°C.

1.0 2.0
STRAIN (PERCENT)
51, Stress-~Strain Curve for 55 w/o Ni-45 w/o Ti at 20°C

after cold work and cycling.
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2 Specimen: 4866-7%-2
: Two Inch Gauge Length
;b 80 Gauge Thickness: 0.067 inch
{ Gauge Width: 0.169 inch
Test Temeerature: 40°C
Mg = +17°C
§
i 3
el f
H ;
¥ * X
? 1
|
APPARENT g
_ ELASTIC LIMIT A
% 12400 PSI i
- g
5w F 1 :
£ | i
P E
1
#. 0.2 PERCENT OFFSET -
YIELD STRENGTH
' 30500 PSI
!
: Sample was rolled to
: 20 a 7% reduction in thickness 'ﬂ
H and cycled 80 times between
A -90°C and +100°C. The
! final step was heating from
§ -90°C to 25°C.
I
¢

0 . 1.0 2.0

STRAIN (PERCENT)

Figure 52. Stress-Strain Curve for 55 w/o Ni-45 w/o Ti at 40°C :
after cold work and cycling. '
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l' Specimen: 4866-7%-4 h
Two Inch Gauge Length ‘
1 Gauge Thickness: 0.064 inch - 3
80 b=  Gauge Width: 0.169 inch |
Test Temperature: 83°C :
Mg=+17°C 1
i
d
i
-1 3
0.2 PERCENT OFFSET - E
YIELD STRENGTH .
- 67000 PSI ‘
60 = APPARENT ELASTIC "‘4 ‘
LIMIT 32000 PSI
e -ﬂ 3
I
e
o 40 |- 1
et ]
= Sample was rolled to a
7% reduction in thickness
and cycled 80 times
between -90°C and +100°C. + :
r The final step was
heating from -90°C to 25°C. ]
20 F :
i
,]j
“ 0 ' 1.0 2.0
E 5 STRAIN (PERCENT)
¥ Figure 53. Stress-Strain Curve for 55 w/o Ni-45 w/o Ti at 83°C
! after Cold Work and Cycling.
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Specimen: 4866-15%-3
Two Inch Gauge Length
Gauge Thickness: 0.065 inch

I 80 Gauge Width: 0.170 inch
Test Temperature: 0°C
Mg=+17°C

APPARENT ELASTIC

LIMIT 30000 PSI 0.2 PERCENT OFFSET

YIELD STRENGTH

68000 PSI
s 60 #- -‘
- ‘i
- i
2 -:
— 40 P L 1
0 1
2 1
93] 3
4 3
» :
2 !
Sample was rolled to at
+' 15% reduction in area and

cycled 80 times between
-90°C and 100°C. The
final step was heating
from -90°C to 25°C.

0 1.0 : 2.0 g
STRAIN (PERCENT)

Figure 54. Stress-Strain Curve for 55 w/o Ni-45 w/o Ti at 0°C
after Cold Work and Cycling.
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Figure 55. Stress-Strain Curve for 55 w/o Ni-45 w/o Ti at 20 C
after Cold Work and Cycling.

Specimen: 4866-15%-1

Two Inch Gauge Length
Gauge Thickness: 0.065 inch
Gauge Width: 0.169 inch
Test Temperature 20°C

Mg = +17°C

APPARENT ELASTIC
LIMIT 26000 PSI

0.2 PERCENT QFFSEY
YIELD STRENGTH
63100 PSI

Sample was rolied to i
a 15% reduction in -T

thickness and cycled

80 times hetween -90°C :
and 100°C. The final 1
step was heating from
-90°C to 25°C.

Bl e e

1.0 2.0
STRAIN (PERCENT)
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Specimen: 4866-15%-2
Two Inch Gauge Length
Gauge Thickness: 0.065 inch
80 P» Gauge Width: 0.169 inch
Test Temperature: 40°C
Mg = +17°C
APPARENT
ELASTIC LIMIT
22300 pS1
, 60 b 0.2 PERCENT OFFSET
YTELD STRENGTH
61300 PSI
|
| -
i v,
ol
@ 40 |
i .
=
=
75]
1_- Sample was rolled to a
g 15% reduction in thickness
: ‘ and cycled 80 times betwecen
' , -90°C and +100°C. The
final step was heating from
-90°C to 25°C.
20 b=

0 1.0 2.0
STRAIN (PERCENT)
Figure 56, Stress-Strain Curve for 55 w/o Ni-45 w/o Ti at 40°C
after Cold Work and Cycling.
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Specimen: 4866-15%-4 k
Two Inch Gauge Length i
Gauge Thickness: 0.064 inch ;
80 ™  Gauge Width: 0.169 inch

S

Test Temperature 83°C
Mg=+17°C
L‘ . 0.2 PERCENT OFFSET
YIELD STRENGTH
70000 PSI
APPARENT ELASTIC ‘
60 T' LIMIT 28000 PSI -1 5
i
i
- . q
{
5
£ |
v 40 '
i r T
e [
= |
v i
/ Sample was rolled to a b
15% reduction in thickness
and cycled 80 times _
between -90°C and +100°C.
The final step was heating i
from -90°C to 25°C. ﬁ
20 = -Jﬁ 3
5
0 1.0 2.0 i
STRAIN (PERCENT) f
1
Figure 57, Stress-Strain Curve for a 55 w/o Ni-45 w/o T1 at 83°C |
after Cold Work and Cycling. :
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Specimen: 4866-3%-3 Sample was rolled to a

Two Inch Gauge Length 3% reduction in thickness
r 80 Gauge Thickness: 0.064 inch and cycled 80 times
Gauge Width: 0.168 inch between -90°C and +100*C.
Test Temperature: 20°C The final step was
Mg = +17°C heating from -90°C to
25°C.

T' |
Apparent Youngs Modulus
- Apparcnt Youngs Modulus on twelfth Stress Cycle
3 on first cycle #=6.6x106PSI E=7.8x108PSI ]
2]
m .
5] .
& i
= i
13
r q
¥
A / i
20 L ‘
// [Note: Several Cycles ;
were omitted from the :
drawing for the sake of
clarity.] ;
0 1.0 2.0
STRAIN (PERCENT)
Figure 58. Stress-Strain Curve for 55 w/o Ni-45 w/o Ti at 20°C after

Cold Work and Cycling.
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Electrical Resistance Logarithm of Damping

0.2% Offset Yield Strength (KSI)

Capacity (log Q°

1)

Ratio

PP T

-1.5 0.0316
oo
-2.0 0.0100 & _
26
8T
2.5 0.0032 8£
2,
o Ui
-3.0 0.0010 ¥ 38
8«
[~

0.0003

All prope‘ties were 4
measured aifter eighty

cycles between -90°C
and +100°C. The final
step was heating from
-90°C to 25°C.

60 -4

50

-40 -20 0 20 40 60 80

TEMPERATURE °C

Figure 59,Damping Capacity, Electrical Resistance and 0.2% Offset

Yield Strength for 55 w/o Ni-45 w/o Ti versus Tempera-
ture after 3% Cold Reduction and Cycling Treatment.
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Logaritha of Damp

Electrical Resistance

0.2% Offset Yield Strength (KSI)

1

Capacity (log Q°

Ratio

’
[¥]
o
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-3.0

-3.5 A_ 4 0.0003

70

60

50

40

30

20

10

0.0316

0.0100

0.0032

0.0010

Damping Capacity
(or Loss Factor) Q°

All properties were
measured after eighty
cycles between -90°C
and +100°C. The final
step was heating from
-90°C to 25°C.

Mg=17°C

-40 -20 0 20 40 60 80
TEMPERATURE °C

Figure 60. Damping Capacity, Electrical Resistance and 0.2% Offset
Yield Strength for 55 w/o Ni-45 w/o Ti versus Tempera-
ture after 7% Cold Reduction and Cycling Treatment.
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IV. MEASUREMENT OF THE DAMPING BEHAVIOR AND STRENGTH OF
COBALT BASE ALLOYS

1. Work of Cochardt

’ The damping behavior of nickel and several cobalt
base alloys has been discussed by Cochardt (6). We have
mcasured some of these alloys and the results for the 70
w/o Co-30 w/o Ni sample are shown in Figure 62. The
sample shows damping even above the MS temperature which
occurs at about 30°C (18). Figure 63 shows the results
of the damping test on pure (approximately 99.9%) Ni. From
other work done on Ni (20) and CoNi alloys (6) it appears
that a significant amount of the damping in these materials
is due to magnetic damping (i.e., from magnetic domain motion),
however in several of these alloys there is a martensitic
phase transformation (from fcc to hcp) and it was of consider-
able interest to determine if a material ccould be developed
which would produce damping by both magnetic domain motion
and by thermoelastic martensite formation.

One method for attaining these features simultaneously
is to consider the fcc/hcp transformations in cobalt rich Co-Ni
alloys like the 70 w/o Co-30 w/o Ni discussed above. This alloy
has a very high magnetic Curie Point and a fcc/hcp transition near
room temperature. Cochardt (6) reported a logarithmic decrement
of 0.18 at 25°C, a frequency of one cycle/sec and a stress of
2000 psi for a 65 w/o Co-35 w/o Ni alloy. The logarithmic
decrement is the product cf ntimes Q~!. Thus

;= mQ! (9)

and if ¢ = 0.18 then Q !'30.06. This value is approximately fifteen
times larger than the value shown in Figure 62. However, the lat-
ter values were observed at 200 Hertz (200 cycles/sec) and 2000

psi rather than 1 cycle/sec and 2000 psi stress. Cochardt also
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reported on a 80 w/o Co-20 w/o Fe alloy which exhibitedg = 0.09
(i.e., Q°! = 0.03) at 1 cycle/sec and 2000 psi and 25°C. This
alloy also has a high Curie temperature. However, in the condi-
tion as fabricated by Cochardt (6), this alloy has a stable
bcc structure which was probably ordered with no chance for
transformation. The proucessing :—-auence followed by Cochardt
called for homogenization at 1100°C for two hours. Figure 64
shows that the alloy was in the fcc field at this temperature
(1373°C). Subsequently the alloy was annealed for two hours
at 900°C (1173°K). Figure 64 shows that at this temperatue the
alloy was still in the stable fcc field but just about to enter
the two phase fcc+bcc field. The final step in the processing
sequence employed by Cochardt was a slow cool to room temperature
at the rate of 120°C/hour. During this treatment the sample enters
the region where the bcc phase is stable and coexists with a fcc
phase enriched in cobalt. In addition, the bcc orders below 800°C
as is seen in Figure 64. Unfortunately Cochardt did not discuss
the structure of his 80Co-20Fe alloy. However, based on his heat
treatment schedule, it is likely that his alloy was largely bcc.

2. CoFe Alloys

Figure 64 also shows a curve labeled TECC/BCC

the locus of points along which the fcc and bcc Co-Fe alloys have
equal free energies. This curve has been computed using a thermo-
chemical description of the fcc and bcc phases derived earlier.
Figure 65 shows the free energy difference between the fcc and dis-
ordered bcc phases as a function of temperature and composition.
The curve labeled AFBCC+FCC=0 is the same as that shown in Figure
64. The remaining curves show the locus of points corresponding
to various free energy differences between disordered fcc and bcc
phases. As the free energy difference becomes larger, the bcc be-
comes more stable relative to the fcc phase for a given composi-
tion. In the case of ircen base alloys (i.e., Fe-Ni and Fe-C alloyé),
the fcc phase can be retained by rapid cooling until the "driving
force" for transformation to the bcc form reaches the vicinity of
300 cal/g.at. (i.e., the freeenergy of the bcc phase is 300 cal/g.at.

which describes
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less than the fcc phase). Figure 65 suggests that this situation

should prevail at room temperature in an alloy with 80 a/o Co-

20 a/o Fe (80.9 w/o Cc-19.1 w/o Fe). Alloys containing less than
20 a/o Fe could be expected to remain fcc while alloys with greater
than 20 a/o (19.1 w/o) Fe would be expected to transform to the

bcec phase on cooling from 1000°C. In order to test this predic-
tion, a series of cobalt-iron alloys was prepared and air cooled
from 1000°C. Figures 66-69 show the resulting microstructures.

The first two photomicrographs show typical austenitic fcc struc-
tures obtained by air cooling the 82 w/o Co-18 w/o Fe and 90 w/o Co-
10 w/o Fe alloys. On the other hand, Figure 68 shows the marten-
sitic bcc structure obtained on air cooling the 78 w/o Co-22 w/o Fe
alloy. The crystal structure of these alloys was verified by X-ray
diffraction using CrKa radiation. Inclusions shown in Figures 65-
69 are oxide particles which are presert in the Ferrovac E iron
used to make the alloy by combination with electrolytic cobalt.

Figure 69 shows the microstructure of the 80 w/o Co-

20 w/o Fe alloy which contained some surface martensite formed dur-
ing the polishing. This was established by annealing the specimen
at 1000°C, air cooling it and taking an X-ray pat.ern from the sur-
face without polishing. This pattern showed no bcc diffraction
lines. However, polishing the surface produced strong bcc peaks.
This result suggests that the 20 w/o Fe alloy (19.1 a/o Fe) is
close to transforming at room temperature. This result is in keep-
ing with the predictions of Figure 65.

An attempt was made to produce martensite in this alloy
by cooling it in liquid nitrogen (i.e. to 77°K). However, no bcc
phase formed. This may be due to the steep free energy difference
versus temperature curve which does not yield very many more cal/
g.at. of driving force as the temperature is lowered from 300°K to
77°K.

The results shown in Figures 65-69 are in keeping with
earlier studies of the Co-Fe system (23-25) which showed a lower-
ing of the fcc/hcp transition temperature of cobalt by the addition
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Plate No. 3
10486 E
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Figure 66. 82 w/o Co-18 w/o Fe Alloy Annealed at 1000°C Air
Cooled to 25°C. Etched in 5% Nital. Photomicrograph

Shows Twinned Austenitic Structure (¥1000).
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Plate No.
10489
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§ ]
3 Figure 67. 90 w/o Co-10 w/o Fe Alloy Annealed at 1000°C Air

1 Cooled to 25°C. Etched in 5% Nital. Photomicrograph

3 Shows Twinned Austenitic Structure (X1000).
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4 Figure 68. 78 w/o Co-22 w/o Fe Alloy Annealed at 1000°C Air :
, Cooled to 25°C. Etched in 5% Nital. Photomicrograph !
3 Shows Structure of BCC Phase (X1000).
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Figure 69. 80 w/o Co-20 w/o Fe Alloy Annealed at 1000°C Air
Cooled to 25°C. Etched in 5% Nital. Central Grain
Shows Surface Martensite (BCC) Formed during Polish-
ing in an Austenite (FCC) Matrix (X1000). 3
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of iron. Addition of 5 a/o Fe to cobalt reduced Ty from 733°K to
507°K (24,25). Alloys with 7.5, 10.0, 12.5 and 15 a/o Fe cooled

to 25°C (298°K) by water quenching after two hours at 1100°C were
found to be completely fcc (23). Plastic deformation in liquid
nitrogen by hammering to effect a 17% deformation produced hexag-
onal phase in the 7.5 a/o Fe alloy and some bcc phase in the 15 a'o
alloy. However the 10.0 and 12.5 a/o Fe alloys were found to re-
main fcc.

Thus, the Co-Fe alloys shown in Figures 66 and
69 with 18 and 20 w/o iron fall in exactly the range required to
test the hypothesis, i.e. that high damping could be attained in a
metastable phase with a high magnetic Curie point. The Curie
point for the fcc appears to be near 950°C (1223°K) (25).

Accordingly, a series of "resonant dwell damping" bars
were fabricated from alloys in this series and tested at 25°C
along with an additional set of alloys at a stress level near 2000
psi. The geometry of the samples resulted in natural frequencies
in the 190-270 Hertz range. The results for the original set of
samples are shown in Table 1. This group of samples labeled 51-64
were prepared by annealing alloy stock, machining the damping bars
and then making the measurements.

Subsequently, the damping bars were X-rayed. It was
found that samples 57, 58, 59 and 60 (i.e. 80 w/o Co-20 w/o Fe and
82 w/o Co-18 w/o Fe) exhibited fcc and bcc diffraction lines.

This was apparently due to the surface deformation which occurred
during machining. Consequently, these four samples wer: rean-
nealed at 1000°C and oil quenched. These samples yielded com-
pletely fcc X-ray patterns. Subsequent measurement of the loss
factor yielded values of 280 to SOO x 10" as shown by samples
57A, 58A, 59A and 60A in Table lg Following this experience, the
remainder of samples 51-64 were yeannealed and 0il quenched and
the loss factor at 25°C measured once again. The results are
shown in Table 2. The reannealing did not affect the loss factors
of the 78 w/o Co-22 w/o Fe samples very much. These were 14 and
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16 x 10™* (Numbers 55 and 56) before the reannealing and 20 and
13 ¥ 10°* (Numbers S55A and 56A) after reannealing. The diffrac-
tion patterns both showed substantial quantities of the bcc ;
phase. Similarly, the reannealing had little effect on the i
90 w/o Co-10 w/o Fe alloys. Thus samples 61 and 62 exhibited Q" !=
8 and 14 x 10~* before reannealing and 7 and 7 x 10-" after o
annealing. Both sets of X-ray patterns showed completely fcc ]
structures. Thus the results show a marked peak in the loss
factor in the vicinity of 80 w/o Co-20 w/o Fe providing the alloy
is all fcc. This is not dependent on the magnetic Curie tempera-
ture since both the fcc and bcc phases have high Curie temperatures
which are near 1000°C.

Table 2 shows additional results for other Co-Fe alloys
with compositions in the vicinity of 80 w/o Co-20 w/o Fe which
were made and tested in order to establish the effects of composi-
tion, structure and degree of cold work on the loss factor. These
preliminary results show that the high damping behavior can be
reproduced in other alloys but it is eliminated by cold work.

Table 2 also contains the results of damping tests on
NIVCO, which is a commercial alloy developed by Cochardt at
Westinghouse (6). It was kindly furnished by Dr. Lou Willertz of
Westinghouse Research Laboratories. According to Cochardt's de-
scription, NIVCO is 72 w/o Co-23 w/o Ni and the balance titenium
and a‘uminum which are added to provide strength by precipitation
hardening. Cochardt reports values of the logarithmic decrement
of 0.02 and 0.05 at room temperature for this alloy at shear
stresses of 2000 psi ind 50C0 psi (Figure 1 of Reference 6).
Since Q™! is equcl o che decrement divided by m, Cochardt's
results would correspond to loss factors of 0.007 and 0.017 or
70 x 10”* and 170 x 10°"* respectively at 25°C and stresses of 2000
psi and 5000 psi. These values are much higher than those shown
in Table 2. Tiie values measured in the present tests, i.e. 14x10~"%
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at 2000 psi and 26 x 10°* at 5000 psi, are five times smaller than
Cochardt's results. The main difference is that the frequency
of the present measurements at 230-270 Hz is in the audible range
while that used by Cochardt was near 1 cycle/sec (1 Hertz).

Thus, the current results indicate that loss factors of
Q! = 500 x 10°* are attainable in the 80 w/o Co-20 w/o Fe alloys
which are two to three times higher than observed in Nitinol (i.e.,
55 w/o Ni-45 w/o Ti) and fifty times higher than NIVCO. Measure-
ments of the loss factor of 80 w/o Co-20 w/o Fe were carried out
between -80°C and +80°C for comparison with Nitinol. (Detailed
results are presed%ed below). Preliminary results showed almost
no change in each of the audible "ring" at liquid nitrogen or
+200°C., Thus it was anticipated that the Q°! value would not
change significantly in this temperature range. !

The other advantages the Co-Fe alloy has in relation to f
the Ni-Ti alloy are a higher modulus of 25 million psi (Tables 1
and 2) versus 8 million psi and ease of fabrication. i

In order to evaluate the strength of the 80 w/o Co-20 :
w/o Fe composition, a set of tensile bars were fabricated of an-
nealed material. Subsequent tests were expanded to test swaged
rod. These were compared with tensile results measured for NIVCO.
Figures 70-78 display the results. The 82 4/o Co-18 w/o Fe and
80 w/o Co-20 w/o Fe alloys show reproducible 0.2 percent offset
yield strengths of 17000-18000 psi in the annealed condition in
Figures 70-74. This is the strength level of the samples which
exhibited loss factors of Q! = 500 x 107 %,

Figures 75-77 show the yield strength obtained for sam-
ples of the 18.5 w/o Fe, 19 w/o Fe and 19.5 w/o Fe alloys in a
cold worked condition following a 33% reduction in diameter by
cold swaging. Reference to Table 2 shows that these alloys exhi-
bited loss factors of 11 to 14 x 10" in the cold worked condition.
Annealing raised the loss factor of the 19.5 w/o Fe sample to
320 x 10°* as shown in Table 2.

Figure 78 shows the results of a tensile test on NIVCO. .
The measured 0.2 percent yield strength of 108,900 psi is in good i
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STRESS (KSI)

100

80

60

40

20

Two Inch Gauge Length
Specimen Diameter: 0.160 inch
Test Temperature: 25°C

APPARENT ELASTIC
LIMIT 39700 PSI

Figure 75,

/ :

0.2 PERCENT OFFSET
YIELD STRENGTH
62600 PSI

1.0 2.0
STRAIN (PERCENT)

Stress-Strain Curve for a 81.5 w/o Co-18.5 w/o Fe

Alloy Tested in the Cold Worked Condition at 25°C.
Cold reduction of thirty-three percent (diametral)

by swaging. -106-
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STRESS (KSI)

100

80

60

40

20

Two Inch Gauge Length
Specimen Diameter: 0.160 inch
Test Temperature: 25°C

APPARENT ELASTIC LIMIT FOR
COLD WORKED SAMPLE 48800 PSI

0.2 PERCENT OFFSET
YIELD STRENGTH FOR COLD WORKED
SAMPLE 68600 PSI

Cold worked sample
swaged 33% (diametral)
annealed sample

at 1000°C--30 minutes
then oil quenched

0 2 PERCENT OFFSEY
YIELD STRENGTH 10300 "3l

1.0 2.0
STRAIN (PERCENT)

Figure 76. Stress-Strain Curves for 81 w/o Co-19 w/o Fe Alloy in
the Cold Worked and Annealed Condition at 25°C.
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Two Inch Gauge Length
Diameter: 0.160 inch
Test Temperature: 25°C

100 Apparent Elastic : i

Limit for Cold Worked
Sample 32000 PSI

Elastic Limit for
Annealed Sample |
15700 PSI 3

80

Cold Worked by Swaging 33% (diametral)
0.2 Percent Offset Yield Strength
71500 pS1T

60

STRESS (KSI)

ool et )

40

: Annealed--1000°C--30 minutes
- 20 0il Quench

0.2 Percent Offset Yield Strength
22500 PSI

1.0 2.0
STRAIN (PERCENT)

Figure 77. Stress-Strain Curves for 8Q Sw/o Co-19.5 w/o Fe Alloy
in the Cold Workcd and Annealed State at 25°C.
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APPARENT

ELASTIC 0.2 PERCENT
LIMIT OFFSET YIELD Two Inch Gauge Length
64700 PSI STRENGTH Diameter: 0.160 inch
108900 PSI Test Temperature: 25°C

100

3
i
)
4
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STRESS (KSI)

S abed AR

1.0 2.0
STRAIN (PERCENT)

Figurc 78. Stress-Strain Curve for NIVCO (Westinghouse) at 25°C.
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agreement with Cochardt's reported value of 110,000 psi (6).

These values of the yield strength were combined with
the measured loss factors observed at a stress level of 2000 psi
in the range 150 to 250 Hz for NIVCO, 80 w/o Co-20 w/o Fe and
55 w/o Ni-45 w/o Ti and are displayed in Figure 1. The compari-
son shows the relatively high damping capacity (and low strength)
of the Co-Fe alloy to the other two materials. However, this
shortcoming in strength can be overcome through alloying as shown
further in this section.

3. The Work Ability of Co-Fe

Three ten-pound heats of the 80 w/o Co-20 w/o Fe alloy
were vacuum melted and cast into two inch diameter moulds. The
ingots were subsequently forged to 3/4 inch bars and then (cold)
swaged to 1/2 inch rod. Intermediate anneals of 1000°C were
employed. The final product was sixty inch long rod. However,
it was found that this structure was a mixture of bcc and fcc
phases (see earlier discussion) and the rod "rang" when struck,
indicating poor damping. However, the high damping characteris-
tics were readily restored by proper heat treatment above 1000°C
followed by air cooling. The x-ray analysis of the material
disclosed a fully austenitic (fcc) structure, and the high damp-
ing characteristic of the rod was regenerated.

A second demonstration of the ease with which the 80 w/o
Co-20 w/o Fe alloy can be fabricated was the reduction of as-cast
1/2 inch thick slab to 50 mil foil. This was carried out in a
series of 20% reductions with intermediate anneals. The reduc-
tions were quite moderate and the ease with which they were made
indicates that even larger reductions could be successfully car-
ried out. This would certainly appear to be possible if the re-
ductions were carried out by hot rolling. The final treatment of
the fifty mil foil consisted of a 1000°C anneal for 30 minutes
which yielded soft foil which "rang like lead."

These results indicate that the 80 w/o Co-20 w/o Fe
alloy can be reaily formed if it is in the fcc condition. More-
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Fixed Compositions at 25°C in the Iron-Nickel-
Cobalt System.
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over it can be heat treated to yield this structure quite readily.

Although it has been established that the two phase (tcc + bcc)
structure does not exhibit outstanding damping characteristics,
it is probable that rather high strengths could be attained with
this strcuture if it were attained by formation of an ordered bcc
phase. This alloy (80 w/o Co-20 w/o Fe) could be readily formed
in the fcc structure (as demonstrated above) and then aged to
high strength by ordering the bcc phase. In fact, small carbon
additions might even be incorporated into such a structure to
enhance the strength by conferring some tetragonality into the
bcc phase in analogy with ferrous martensites.

4. Temperature Dependence of Damping in Co-Fe

Before turning to the alloying studies conducted on the
80 w/o Co-20 w/o Fe alloy, it is usefui to recount the temperature
dependent studies undertaken to establish the data shown in Figure
2. The tests were conducted under the direction of Dr. John Heine
of Bolt Beranek and Newman using the techniques detailed earlier
in Section II.

Figures 79 and 80 show loss factor versus temperature
curves for samples of a 80.5 w/o Co0-19.5 w/o Fe and 81.5 w/o Co-
18.5 w/o Fe alloy between -60°C and +80°C, Additional samples
which were tested between 25°C and 130°C yield the results shown
in Figure 2.

5. Incranute

For comparison. an additional set of data on a high damping

commercial alloy (Incramute) was generated on a sample obtained

from Mr. Eugene Thiele of the Copper Developing Association, Inc.

A square plate 5-1/2 inches x 5-1/2 inches x 1/4 inch thick was
obtained in the heat treated condition designed to yield maximum
damping. This plate was employed to fabricate resonance dwell
damping bars and tensile bars. Figure 81 shows the results of

the damping measurements conducted on the Incramute (55 w/o Co-

43 w/o Mn-2 w/o Al) alloy between -60°C and 100°C. Tensile tests
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conducted at 25°C resulted in a 0.2% offset yield strength of
45,300 psi. These data are shown in Figures 1 and 2.

It is interesting to note that the copper-manganese
alioy system, upon which Incramute and several other commercial
damping alloys are based was predicted to have a metastable
fcc miscibility gap in 1969 (26). Recent experimental studies
by Vitek and Warlimont (27) and by Ye. Z. Vintaykin and coworkers
(28) have verified this prediction and Figure 82 shows that the
metastable miscibility gap in the fcc phase of this system
provides the basis for attaining high damping in Incramute and
other Cu-Mn alloys via heat treatment. This alloy is actually
face-centered tetragonal below its anti-ferromagnetic N'eel
temperature. The high damping is associated with this tetra-
gonality.

6. Third Element Additions to Co-Fe

The seond phase of the study of damping in the 80 w/o
Co-20 w/o Fe alloy was the evaluation of alloying additions on
damping and strength and demonstrated that substantial increases
in strength could be obtained. The strength of NIVCO is not due
to the properties of the 72 w/o Co-23 w/o Ni matrix, which is
comparable to the 80 w/o Co-20 w/o Fe material. The strength
is due to the presence of precipitates formed by the Al and Ti
additions. A similar effect can be expected in the Co-Fe alloy.
One possible source of strengthening is additional solid solution
hardening which might be effected by addition of nickel. The
nickel additions would be controlled so as to maintain the
"metastable condition" of the fcc phase. This is illustrated in
Figure 83 which shows the ternary Fe-Ni-Co counterpart of
Figure 65 calculated on the basis uf the thermochemical descrip-
tion published previously (21). Therefore, it was believed that
these alloys should be metastable in the fcc form at 25°C and if
fabricated in this state, they might deveiop high Q! values
comparabhlc to 80 w/o Co-20 w/o Fe and higher yield strengthé"than
the 17,500 psi level exhibited by the 80/20 Co-Fe ailoys.
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Figure 80. Loss Factor vs. Temperature Curve for a Sample of 80.5 w/o Co-
19.5 w/o Fe measured at 240-250 Hertz and a stress of 2000 psi.
The dynamical Young's Modulus measured over the same temperature
range varied from 24 million psi at -60°C to 23 million psi at
+80°C. The sample was annealed at 1000°C and air cooled.
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Figure 8l. Loss Factor vs. Temperature Curve for a Sample of 81.5 w/o Co-18.5 w/o Fe
measured at 240-250 Hertz and a stress of 2000 psi. The dynamical ;
Young's Modulus measured over the same temperature range varied from 24 )
million psi at -60°C to 23 million psi at +80°C. The sample was annealcd
at 1000°C and air cooled.
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Unfortunately, the additions of nickel did not permit
retention of the high damping properties. Table 3 shows the
results which have been obtained. This compilation shows
results of alloy synthesis, damping, and tensile test of
eight alloys cased on the Co-Fe composition with substantial
additions of nickel or small additions of manganese or aluminum,
These results were employed in construction of the bar graph
shown in Figure 1.

The results obtained thus far indicate that the additions
of nickel do not offer any substantial improvement in strength.
However, very substantial increases in strength have been
attained with aluminum and manganese. These improvements have
been accompanied by a decrease in damping capacity. Neverthelesé,
it is interesting to note that sample number 102 (76 w/o Co-

19 w/o Fe-5 w/o Mn) exhibited twice the damping capacity of
NIVCO at a comparable strength level (see Figure 1) while sample
99 (76 w/o Co-19 w/o Fe-5 w/o Al) exhibited a yield strength of
182,000 psi versus 110,000 psi for NIVCO at the same level of
damping capacity which NIVCO exhibits (6).

Table 4 further summarizes the results of damping
and mechanical property measurements conducted on cobalt-iron
and cobalt-iron base alloys to which additions of manganese,
chromium and aluminum have been made. In each case, evaluation
of the damping and yield strength have been made on samples
which were cold worked by rolling (to 10% reduction in thicknecs)
as well as on companion samples annealed at 1000°C and air
cooled.

The results obtained with sample composition 111 and
112 indicate a very abrupt change in behavior when the alumirum
content is increased from 2.5 w/o (i.e., samples 97 and 98 in
Table 3) to 3 w/o (i.e., samples 111 and 112 in Table 4). As
was noted previously (6) aluminum additions result in subtantial
increases in the tensile strength of the cobalt-iron which are
accompanied by similar decreases in the loss factor. The com-
positions corresponding to 111 and 112 represented an attempt
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to effect an increase in strength without experiencing a de-

crease in damping by operating at a composition close to that
of samples 97 and 98. Unfortunately however, the desired in-
crease in strength (to 78,000 psi) in the annealed condition j
was accompanied by a drop in damping.

Although the studies of aluminum additions have been
disappointing in the sense that an alloy combining high damp-
ing and high strength has not been identified, the observation
that small additions of aluminum result in substantial strength
and corresponding increases in hardness (Rockwell "B'" 30 for
0 w/o Al to Rockwell "C'" 44 for 4 w/o Al) in the annealed con-
dition may be of practical value. In particular, in the event
an application demanding high damping and high hardness should
present itself, it might be possible to "aluminize" an 80 Co-
2C Fe alloy and obtain a wear resistant surface on a component
with a high loss facter.

The results obtained with additions of chromium to
the base cobalt-iron composition as disclosed by sample com-
position 107 and 108 suggest modest ‘.icreases in strength
accompanied by substantial decreases in loss factor. Accord-
ingly, no further studies of chromium additions were made.

On the basis of the considerations presented above,
additions of manganese seem to provide an avenue for increasing
the strength of the cobalt-iron alloys. Table 4 also inclules
manganese alloys. These results, which are shown graphically
in Figure 84 suggest that a '""trade-off" between strength
and damping can be optimized at about 4 w/o Mn.
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V. INVESTIGATION OF IRON - CHROMIUM ALLOYS FOR APPLICATION
AS HIGH DAMPING STRUCTURAL MATERIALS

T T ARCT— Wq-w
P s s |

P One of the main short comings of the cobalt - base
alloys as potential structural materials with high damping
capacity is the cost per pound. Since cobalt is currently

in the $3 to $4 per pound range, the finished cost fcr wrought L
cobalt parts can be as high as $5 per pound even if large quan- -

e e AT

Y 2

tity uscwere projected. In order to evaluate the potentials
offered by iron base alloys as damping materials for structur-
al applications at a lower cost per pound (i.e., $0.50/1b.) sev- i
cral iron - chromium base alloys have been examined.

This work was stimulated by the reports distributed
by Toshiba Electric Co. (29) on aproprictary le-Cr-Af alloy
and the cxistence of a 'miscibility gap in the Fe - Cr system

Lt 4 4 L

shown in Figure 85 just as there is in the Cu - Mn case shown
in Figure 83. Although the mechanism responsible for the damp-
ing in Fe - Cr - A% has not been established,the misicibility
gap in both systems is a common feature.

Accordingly, samples of Fe - Cr - Af alloys and Fe -

Cr - C alloys corresponding to several commercial steels were
prepared and tested. The results are summarized for Samples 117-
125 shown in Table 5, and Figures 86 and 87. It was found that
the optimum temperature for heat treatment was 800°C (1073°K).
Heat trcatment at higher temperatures (i.e., above 1000°C) (1273°K)
within the gamma loop lead to low damping. This may be related '%

R PP ST WA

to the transformation structure in the resulting bcc phase fol- ,
lowing the fcc+bcc transition on cooling. Heat treatment at ]

600°C (873°K) did not yield results which were as satisfactory I
as those obtained at 800°C.
Reference to Table S5 shows that attractive damping ;

capacity and yield strength characteristics can be obtained in
the 85 w/o Fe - 12 w/o Cr - 3 w/o AL alloy as well as the 86 w/o .
Fe - 14 w/o Cr - 0.05 w/o C alloy. The latter corresponds in |

Peahil
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in composition to type 405 stainless steel (i.e., samples 125, 126).
Samples 121, 122, 123 and 124 correspond to types 410 and 403
stainless steel respectively. The results indicate thet combin-
ations of 4000 psi yield strength, loss factoys of 0.02 - 0.04, E
good corrosion resistance and a cost per pound of $0.50 - $0.80/1b., |
: can reudily be sttained in alloys of the iron - chromium systcm.
However, ontimization of properties will undoubtedly depend on
third alloying element additions as well as heat treatment as in-
dicated by Table 5.
Figures 86 and 87 indicate that the damping is insen-
sitive to changes in temperature up to 100 °C. These results
were obtained on samples 125 and 111 which are shown in Figures i
86 and 87 respectively. The results of similar studies at j
H

e DLl LTI L

P - Y

Toshiba Electric suggests thut the loss factor is insensitive
to temperature up to 300°C., Table 5 also contains some results
on the 80 w/o Co - 20 W/o Fe alloy at a lower stress (500 psi) !
as well as the 80 w/o - 20 w/o Fe and the iron - chronium ]
l

alloys in'a saturating field.

The former result at 500 psi indicates a loss factor
of about 2% for the Co - Fe alloys as compared with a loss factor
of 4% for this alloy at 2000 psi. This is in keeping with the
general finding that the loss factor is proportional to stress
to the one half power.

Measurement of the loss factor at 2000 psi in a sat-
urating magnetic field indicated at 15% decrease in loss factors

of the cobalt-iron alloy and the iron-chromium base ailoy. These
results indicate that only some of the damping behavior is due

it e ot At fr e g )

to magnetic domain walls. Nevertheless, the measured values of - ' !
the loss factors in a saturating field remained high enough to '
indicate that other mechanisms may be contributing to the damp-

ing behavior in these alloys.
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VI. CONSIDERATION OF POTENTIAL APPLICATIONS AND TESTING OF
HIGH DAMPING ALLOYS

A survey of potential applications of high damping alloys
to problems of noise and vibration control was conducted in order
to examine problem areas in military and civilian systems which
could benefit from advances in damping materials technology. Tables
6A and 6B list some of the results of this survey. In this listing,
general and specific items are noted, Each entry is also accom-
panied by material properties which are required in addition to
damping. For the cases listed in Tables 6A and 6B, high damping
characteristics would be a desirable feature since add-on noise
or vibration treatments are inappropriate or too expensive.

On the basis of this survey, it appears that three
potential applications merit particular consideration. These are
ship or torpedo propellers, body panels of military reconnaissence
vehicles, engine oil pans and valve covers. In each case, improve-
ment in the damping properties may be expected to lead to signifi-
cant reductions of radiated noise and hence, in acoustic detecti-
bility and/or tolerance. Subsequent parts of this section summarize
the results of tests that have been conducted on hardware fabricated
from high damping iron-chromium-aluminum and cobalt-iron alloys to
demonstrate the efficacy of such alloys in reducing the noise
levels in military reconnaissence vehicles and torpedo blades.

Although the tests reported here are certainly of a
preliminary nature and could benefit by further refinement and
extension, they show clearly the advantages offered by high damping

* alloys.

1. High Damping Alloys for Armoured Personnel Carriers

Recent measurements performed by Bolt, Beranek and Newman
Inc., under contract No. DAAE07-74-C-0002 on a 1/6 scale dynamic
model of an M-113 armoured personnel carrier (APC) indicated that
the exterior and interior noise of an APC depends significantly on
the damping of the APC hull. The 1/6 scale dynamic model M-113
vehicle, which is shown in Figures 88(a)-(e) has been instrumented
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R Figure 88a. Side View of 1/6 Scale Model of Figure 88b. Front View of 1/6 Scale Dynamic Model. :
Armoured Personnel Carrier (Courtesy of

! Bolt, Beranek, Newman Contract

” DAAEQ7-74-C-0022).
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P Figure 88c. Rear View of 1/6 Scale Dynamic Model . ) . i
; of Armoured Personmel Carrier (Courtesy Figure 88d. Close-up of 1/6 Scale Model Rear View.
D of Bolt, Beranek, Newman Contract

. DAAE07-74-C-002). ;
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Figure 88f. Iron-Chromium-Aluminum Alloy M-113 Vehicle,
Aft Yiew, With "Soft Mounted” Hicrophone.

Figure 88e. Aluminum Scale Model M-113 Vehicle, Front Vi
On Motor Driven Steel Belt Running Surface.
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in order to provide detailed measurements of interior and exterior
radiated noise (30). Figure 88f shows the location of a soft
mounted microphone in the M-113 vehicle. In order to evaluate the
effect of raterial damping characteristics on the noise levels
generated in the APC scale model, a hull was constructed of the
iron-15 chromium-3 aluminum alloy described in Section V for
comparison with a standard hull made of aluminum plate. The
dimensions of the hulls were identical. The loss factecr of the
iron-chromium-aluminum alloy which was measured as 0.036 (see
Table 5) was 36 times larger than the aluminum ailoy. Testing

was conducted on an electric motor driven device which .ses an
endless, moving steel belt to simulate the terrain going along
under a single track. The models are one-sixth size in all
dimensions and deflections and mcdel speeds are identical with
full size vehicle speeds (59). The tests were conducted on

10-12 November 1976 by Tom Norris (Consultants in Accoustics)

and witnessed by Peter Rentz (Bolt, Beranek and Newman) and Dr.
Richard J. Weiss (AMMRC).

The one sixth scale model personnel carrier was run at
srceds of 6,20,30 and 50 miles per hour (Model and full scale linear
t. ok speeds are identical). Track tension was adjusted so that
the track just cle. red the roadwheels--this is a lower than ususal
setting, but it 1 'sened the chance of a breakdown. The slightly
lowered tension has little effect on noise. The downward force
on the roadwheels was set to 5 1lbs.; higher forces would require
that the hull be firmly mounted and anchored. Based on experience,

" such a4 mounting wo.1d provide considerable damping that would cover

up the effects that we hoped to observe. For similar reasons, and
to assure that the interior acoustic buildup (reverberation) was
identical for both hulls, all hatches were re ved (driver hatch,
cargo hatch, and rear personnel hatch). For .hese reasons, the
treadplates were also removed. Track speed was indicated by an
optical tachometer operating directly off of the sprocket shaft.
After the aluminum hull test, the suspenion was removed and then
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‘ attached to the alloy hull., The microphone was shock mounted with
2 inches of soft, closed gell neoprene foam, which was taped to
the floor beams. This positioned the microphone facing forward
and 2-1/2 inches above treadplate level (the treadplate was not
present).

The acoustic test apparatus consisted of; B § K 4220
pistonphone, B § K 4133 1/2 inch microphone, B § K 1/2 to 1 inch
adaptor, B § K AO 0033 3 meter extension cable, B & K 2203 Sound
-Level Meter, Magra III magnetic tape recorder, Ampex 641 '"Prcfes-
sional" tape, B § K 1613 Octave Band Filter Set, and B § K 2305
Graphic Level Recorder. Recordings were made during sweeps from
6 to 20, 6 to 30, and 6 to 5U miles per hour. The duration at
top speed in each case was approximately 5 seconds or more. In

addition, hammer blows were recorded with the microphone iaside

and outside the hull for reverberation time measurements. All
tape recordings were made at 15 inches per second. Steady speed
noise data reductions were made by playing the tape back through
the Sound Level Meter and 1613 Octave Filter Set and into the
Graphic Level Recorder. The sound levels ‘shown in Figures 89(a)-

[T SIS vyt gee st e

89 (d) were read from these paper tapes of the noise time his-

oy

tories. The reverberation times (T60) were determined by playing
the magnetic tape backwards at 1/4 of recorded speed, and by
setting the graphic level recorder writing speed to 1000 mm per
second. This technique was judged to have a sufficiently rapid
response for even the shortest RT measured, which was 0.04 seconds.
Comparative octave band internal sound levels for vehicle speeds

" of 6, 20, 30 and 50 miles per hour are shown in Figures 89(a)-
(d}. These figures also show calculated A-weighted sound levels
for the full sized vehicle. This is considered an important
parameter for comparison. The results show a steady improvement in
dB(A) with increasing speed plus a corresponding reduction in
the levels at the peak vibration frequency, 1000Hz, (167Hz full

scale). The maximum reductions were realized at 50 mph with
6dB(A) and 10dB at 1000Hz.

s orlmllh L e e oS

-133-

i
l.\.ﬁ‘uﬂ.— *‘m-_. "

B0 ot g (i a, B TN T
RVl Sl g SN i aine PR

A, TN RN




i1 ,?\T

(0)20 mph ,7 N

T T 1T U 3.5

(a) 6 mph

dB(A) Full
Scale Weighting

AL = 99
Fe-Cr-Ag = 100

110
Di??erence=+l

100 dB(A) Full

Scale Weighting
AR =113

Fe-Cr-Af = 110
Fe-Cr-A% Difference = -3

\ 3.
L1 1 1 | B N I |

125 250 500 1000 2000 4000 8000 125 250 500 1000 2000 4000 8000

-1 T 1 T 1

{d) 50 mph ‘ﬂ\

! ! J !
(c) 30 mph

OCTAVE BAND SOUND PRESSURE IN dB RE 0.0002 MICROBAR

130 ,, \
\
¥ 4
¢ \
d \
l“\ ‘;
\
P \ 120 / \'\\
[ o, \ LN
E“ / \\\‘~ ® ..
2 - \
i'?{_ ®
) AN ™
Y
110
dB(A) Full dB(A) Full
Scale Weighting Scale Weighting
AL = 118 AL = 122
Fe-Cr-AfL = 113 Fe-Cr-Af = 116
- . -] 90
Difference = -5 Difference = -6
Fe-Cr-AL

Fe-Cr-AR

1 | 1 | | i

OCTAVE BAND CENTEF FREQUENCIES IN HERTZ (cps)

Figure 89. Interior Sound Levels, Aluminum (Af) and Iron-Chromium-
Aluminum (Fe-(Cr-A%) Alloy One-Sixth Model M-113
Vehicles as a Function of Forward Speed.
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The interior ncise levels for the two models could be
expected to differ because the iron-chromium-aluminum alloy has
a loss factor (0.036) which is 36 times that of the aluminum
alloy. On the other hand, the noise level reduction could be
due entirely to the fact that the density of the iron alloy
(and hence the mass of the iron model) is about Z.8 times that
of the aluminum. The expectation for reduction of internal noise
levels due to the increased mass depends on the characteristics of
the vibratory source. If the track interaction with the sprocket,
idler, and road wheels result in a constant force spectra being
applied to the hull, the hull vibration and resulting interior
sound pressure would decrease in proportion to mass, or approxi-
mately 9 dB. 1If, on the other hand, the input to the hull is
constant velocity in nature, then hull vibration and resulting
interior noise would be unchanged. Since the measured noise
levels are essentially idencical at 6 mph, Figure 89a, it is
concluded that the input is constant velocity in nature. Physical
justification for this conclusion is beyond the scope of this
study. The suspension members would have to have a higher me-
chanical impedance than the hull, and this is not obvious.
Nevertheless, the constant velocity conclusion will be used, but
with caution. The interior noise level would be expected to be
reduced with increased internal damping. The amount of the de-
crease depends on the ratio of total damping, before and after.
(This assumes that the radiated noise is due to resonant motion
of the plates, which is probably not true for the plates near the
suspension attach points). For the aluminum hull, the damping is
provided mainly by the attached track, not the internal friction
of the materials. Therefore, the sound pressure level decrease
would be less than indicated by the ratio of material loss factois.
Decay rate measurements of the noise following hammer blows did
not show significant differences between the two models. However,
the stress levels were not known, and the measurements are con-
sidered inconclusive. In order to separate the effects of mass
and damping, it is necessary to look at the speed dependence.
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Increased speed means increased stress levels and higher loss
factor values in the iron-chromium-aluminum alloy. Therefore,
since the measured noise reduction increases with speed, the
improvement is attributed to the damping of the material.

oo v

2. High Damping Materials for Military Ship 3
and Torpedo Propellers

The performance of cobalt-18¥/o iron torpedo propellers
has been evaluated in the Bolt, Beranek, Newman Reverberant
Tank by N. A. Brown and J. C. Colaruotolo in January 1977 as .
part of a program conducted for the Naval Underwater Systems
Center, Newport Laboratory in Newpoart, Rhode Island 02840. .
Mr. T. Davis is the technical monitor for this work. The
cobalt-iron alloy propeller was compared to a geometrically
similar aluminum propeller by measuring the force-to underwater
radiated noise transfer functions of both the aluminum and cobalt-
i iron propellers. Figure 90(a) shows a schematic for the energy
flow associated with hydrodynamic exitations of a propeller of
the type outlined axially in Figure 90(b). Two exitation mecha-
nisms are shown in Figure 90(a), turbulence ingestion and vortex
shedding, which generates continuous forces in the blades.
These forces, acting through the mechanical admittance
of the propeller blades along their leading and trailing odges,
excite vibration of the blades. The energy of this vibration
is concentrated in frequency bands containing the resonances

ot AR it Skl it e
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of the blades. Conservation of energy requires that the power
input to the blades be dissipated in equal amounts.
This dissipation takes several forms; the undesirable

VSR
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one here, though not necessarily the largest, being acoustic
radiation from the vibrating blades and the attached structure.
Other dissipation mechanisms include hydrodynamic damping and
internal structural or applied damping - treatment losses. It
is, of course, the latter two which we are trying to increz 2
with the high loss material. For a fixed vibrational power
input, any increase in structural damping losses will result in

an equal decrease in acoustic radiation, other factors kept constant.
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‘ It is neither practical nor necessary to measure oOr
% estimate all the various components shown in Figure 90(a). The
' overall transfer function between applied forces and the re-
sulting radiation, shown by the dotted block in the schematic,
can be rather simply measured. Any beneficial effects of
damping will appear directly in this transfer function.

Actual measurment of the transfer functions need not
require mechanical excitation of the blades, which is awkward.

Rather, a reciprocal technique is used where the propeller is
immersed in a diffuse sound field of known pressure and the
resulting acceleration levels of the blades are measured. The
ratio of acceleration-to~incihent pressure is equal to that of
radiated pressure-to-applied force. The latter ratio is the ;
desired transfer function. ;
The baseline propeller has four blades with fairly ;

high skew (blade sweepback in the peripheral directio:.,. Blade
sections are of airfoil shape. The diameter is 18 inches. The
blades are made separately and are bolted securely to a cylindri-

R R At T

cal hub 7 inches in diameter and 3 inches long. An axial view of
the outline of both blades is shown in Figure 90(b). Two views of |
the assembled propellers are shown in Figures 91(a) and 91(b). j
An extra blade was machined of aluminum to serve as a ﬁ
pattern for the casting of the high damping alloy blades. When
received, these alloy blades were found to be somewhat warped
and very much thicker than desired; apparently shrinkage had
been greatly over-compensated for.
The alloy blades were straightened in an arbor press
to improve their fit to an existing check which had been molded
to the face of the aluminum blade. Supported on this check,
the backs of the alloy blade were machined to reduce their thick-
ness on a tracer milling machine using the pattern for the orginal
blades. The orignal aluminum blades were made entirely by this
method. The alloy blades were cleaned up by hand filing and
then returned to the supplier for a second heat treatment.
Neither time nor funds allowed a more careful rework of
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’ Figure 91a. Aluminum Preoiiey with Accelerometer and Pads.

Figure 91b. Propeller with Accelcrometer and Pads{(Cobalt-Ivon Alloy).
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these blades than that described. As a result, their thickness
is still toou great in comparison with the aluminum blades; see

Figure 92. Since the extra thickness results in both increased
bending stiffness and blade mass, it has some (unknown) affect

on the transfer functions; a factor which should be considered

in comparing the results.

The alloy blades were bolted to another aluminum hub
indentical to that of the aluminum propeller. The propeller
with high-damping alloy blades is shown in Figure 91{(b). Discolor-
ation of the blades is a result of the heat treatment.

Each of the propellers was mounted on a heavy, highly
damped shaft, as shown in Figure 93. This provides an im, edance
to the propeller hub similar to that of a torpedo hull. Each
propeller was immersed in the reverberant acoustic water tank
to a depth of about six feet. The BBN water tank facility is
shown in Figure 94, A diffuse sound field, broad band in

frequency, was generated in the tank and its position-average

pressure level measured. Acceleration levels in the direction

normal to the blade surfaces were measured at ten positions
over the blade radius. Sound pressures and accelerations were
spectally analyzed in one-third octave bands from 300 Hz to

20 kHz and transfer functions calculated.

A block diagram of the acceleration measurment system
is given in Figure 95. The system consists of an accelerometer,
an amplifier, a one-third octave band analyzer and a x-y plotter.
The accelerometer is a BBN Model 501 accelerometer which has been
sealed and treated for underwater use. The sensitivity is - 43

. dBv/g, and the frequency response is flat (:0.5 dB) from 3 Hz to

20 kHz. The nominal mounted resonance of the accelerometer is
above 90 kHz. The system is calibrated.

The acoustic measurement system (Figure 96) consists of
three hydrophones, amplifiers, a multiplexer, a one-third octave
band analyzzr and an x-y plotter. The hydrophones, (Model LC-10)
have a sensitivity of -110 dBv,/ubar, and the frequency response
is essentially flat (*1 dB) from 10 Hz to 25 kHz. The hydrophones
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Figure 95. Bluck Diagram of Sound Source and Multiplexed
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Figure 96. Block Diagram cof the Acceleration Measuring System.
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signals are amplified and sequentially sampled by the multiplexer
at a rate of 15 samples per second. The sampled signals are
filtered with one-third octave band filters, detected with a

true RMS detector and averaged in the one-third octave bhand
analyzer. This analysis technique provides a measurement of

the spatial average of the sound field in the tank. The

system is calibrated, ancd the sound pressure level is plotted

in \B r¢ 1 ybar in one-third octave bands. The transfer func-
tion is computed for each one-third octave band and each
accelerometer position as follows:

TF, dB//(ubar x yd./1b.)* = adB - SPL + 111.6 dB, (10)

where
adB = the measured one-third octave band acceleration
level in dB//(1 g)?, and
SPLL = the measurcd position averaged sound pressure

level in dB//(1 ubar)?

The transfer function is expressed in terms of source
level per pound of excitation force. The source level is the
standard form for representing the underwater radiated noise
output, namely, the sound pressure level which would be measured
at a distance of one yard from the source if it were reduced to
a point. VFPor spherical spreading in a limitless ideal fluid, the
acoustic pressure - distance product is constant.

The constant on the right hand side of the equation is
-a function only of the units involved. |

Averag:ng of the transter functions, or equivalently ot
the accclerations for constant incident sound pressure, is done

as follows: N
adBi
Zi=1 10?--1 10 . )
adB = 10 log N (11)

wherc adB is the average acceleration level in dB,adBi is an
individual level, and N is the number of positions over which
the average is taken.
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, The use of an incoherent average such as this for the
transfer functions is appropriate for estimating the radiated
noise when the hydrodynamic forces applied to the blades are
uncorrelated at the radial intervals used.

Average transfer functions of the aluminum and high
damping alloy blades are shown and compared in Figures 97(a) and
97b for the leading edge (inner radii) and trailing edge (outer
radii) measurement positions, respectively. Table 7 lists the
radial positions of these measurement points.

With some typical force spectra, as measured for skewed
prepellers operating behind a torpedo, these transfer functions
can be applied to yield underwater radiated noise levels. The
leading edge average functions are applied to turbulence inges-
tion forces and the trailing edge functions to vortex shedding
forces. The excitation force spectra are presumed independent
of the propeller material. When this is done, and the two
contributions are added together in each case, relative radiated
noise spectra such as those of Figure 97(c) ares produced. Finally,
in Figure 97(d),the noise reduction due to the high damping alloy,
as implied by the comparison of Figure 97(c) is shown.

The apparent noise reduction is quite substantial.
Reductions of about 10 dB are common in the low and mid frequency
bands, with selected bands showing considerably larger values.

At the higher frequencies, the noise reduction is reduced, perhaps
reflecting the presence of a relatively large value of acoustic
radiation damping for both rropellers.

Moreover, the noise reduction is significant in that the

larger reductions apply in those frequency ranges where the pro-

peller noise is greatest. The smaller improvements apply at the
higher frequencies and the propeller radiated noise levels are
already quite low; in fact they may be unimportant relative to
other, non-propeller, sources of noise. The occasional frequency
band which shows a negative noise reduction (an increase in noise)
are not considered to be important. If Figure 97 (c) is examined,
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TABLE 7
ACCELEROMETER POSITIONS
POS&BION RADIUS, INCHES
. LOCATION ALUMINUM DAMPED ALLOY
1 Trailing Edge 8.9 8.8
) 2 8.3 8.2 )
3 7.6 7.5 ?
4 6.8 6.7 ]
: 5 5.9 5.9 1
6 Leading Edge 6.7 6.6 ?
7 6.0 5.9 ;
8 5.4 5.3 j
9 4.7 4.7 ]
10 4.2 4.1 |

(PRSP Ve

it will be seen that these occur in the frequencies bands where the
i aluminum propeller's radiated noise levels are unusually low. If
| the spectra were smoothed before drawing the noise reduction, such ]
negative values would not occur. ;
Some of the differences, both vp and down, between the
propellers' transfer functions are due to changes in their modal
structure. These results from the different densities and Young's
moduli of the two materials as well as the increased thickness of
the damped alloy blades. For purposes of this comparison, the two
propellers were intended to have the same geometry. The geometry
of an actual propeller designed for the high damping alloy may
well be different, how:ver, particularly in the blade thickness,
because the strength of the material will be a factor. The acoustic
performance of the high damping alloy as shown by these measurments
is very promising. Further consideration should be given‘to its
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application in torpedo propellers.
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Figure 97. Relative Radiated Noise Spectra for
Aluminum and Cobalt-Iron Alloy Blades.
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Figure 97d. Radiated Noise Reduction of Cobalt-Iron
Blades over Aluminum Blades as a Function
of Frequency.
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The hydroacoustic performance of the cobalt-iron
propeller has been evaluated by comparing the measured force-
to-underwater radiation transfer functions of the two pro-
pellers, and by comparing their resulting estimated radiated
noise levels when equal hydrodynamic exciatation spectra are
appliea. These excitation spectra are typical of torpedo pro-

pellers of modern design. The apparent noise reduction is 3
quite substantial. Reduction of about 10 dB are common in the
low and mid frequency bands. At higher frequencies, the noise

reductions is reduced perhaps reflecting the ﬁre-existance of
important values of acoustic radiation damping in both propellers.

fhe noise reduction is significant because the large reductions
apply where the prop:ller radiated noise levels are highest. The
acoustic performance of the propeller with the high damping alioy
is very promising and further consideration should be given to
the application of this material in torpedo propellers.
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VII. MECHANISTIC STUDIES OF DAMPING IN Cu-Al-Ni AND Co-Fe ALLOYS

The ability of a thermoelastic martensite to "store"
elastic energy is ultimately related to the capacity of that
same material to contirually absorb and demp out vibrational
energy. If the energy-absorbing mechanism in a particuler
material is nonrepeatable, then the damping capacity will
deteriorate with the amount of energy absorbed. However,
if the energy-absorbing mechanism is repeatable, that is, it
is able tc return to its original state easily, then the
damping capacity will not readily deteriorate. A martensitic
transformation can be used to absorb mechanical vibrations,
but if the transformation is nonthermoelastic (such as in the
case of most steels), then it is essentially nonrepeatable and
much of the strain energy of the transformation is "lost" by
the formation of defects in the matrix. The strain energy in
a thermoelastic martensitic transformation, however, is stored
elastically in the matrix. This elastic strain energy is re-
coverable, and can aid the reverse transformation. Increasing
the thermoelasticity of a martensitic transformation (by in-

! creasing the amount of recoverable strain energy in the matrix)
improves the cyclahility of the transformation and thus promotes
the long-term efficiency of energy absorption in the material.
The thermodynamic and microstructural studies reported here
attempt to provide somc insight into the mechanisms of energy
absorption in Cu-Al1-Ni, Co-Fe and Ni-Ti alloys.
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1. Investigation of the Transformation Characteristics
in Cu-Al-Ni Alloys
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Much of the recent interest in thermoelastic martensitic
alloys has been directed towards the study of the unusual mechan-
ical effects associated with the transformation (31). While N
many properties of these alloys have been measured, little atten- f
tion has been paid towards developing a clear understanding of J
the underlying thermodynamics of the transformation. The clear :
understanding of the basic thermodynamics of thermoelastic mar-
tensites should properly form the basis for further research to
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develop methods of exploiting the unique properties these materials
exhibit,
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The storage of the transformational shape change as
elastic strain energy is fundamental to the concept of a ther-
moelastic martensite. The original term '"thermoelastic" was
used by Kurdjumov (32) to describe a case where there is a
balance of the chemical and elastic forces which results in
the growth of a martensitic particle being stopped. The balance
hetween chemical and nonchemical forces is built up during the
transformation itself because the transformational shape
change is accommodated entirely by elastic displacements. The
? elastic accommodation of the martensite means that elastic ener-

gy is being built up which produces a force opposing the further
growth of the plate. The importance of the elastic terms in the g
thermoelastic transformation has often been overlooked when

ek by AR AL A s 4l e b e 8 e T e
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dealing with thermodynamic properties. :
The temperature To is defined as the temperature where :

the chemical free encergies of the parent and martensitic phases

arc equal. It is important to recognize that To refers to the temper-

ature where the change in chemical free-energy between the parent

and martensitic phases is zero (i.e., G:;§m=0), and as such may be

different from temperatures at which the total change in free-

cnergy (both chemical and nonchemical) between the two phases

L kT

Rl e

pa gl

1S zZeTro.
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In nonthermoelastic martensitic transformations, it Y

is usual to place To halfway between Ms and Ag (i.e., T0=1/2 :

‘ (MS+AS) where Ms is the martensite-start temperature and AS is %
N . the start of the reverse transformation) (18). This treatment i1
is reasonable because of the relative absence of stored elastic

strain energy; the initial transformation (parent to martensite)

and the reversion (martensite back to parent) are zach nucleated, t

" and it is assumed that the chemical driving force necessary to -
start the parent-to-martensite transformation is about equal to the

b i

driving force necessary to start the transformation of the marten-
site back to the parent. In a thermoelastic transformation, however, [

elastic strain energy is stored in the alloy (martensite plus parent), {
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and this stored elastic energy can significantly affect the trans-
formation temperatures of a thermoeiastic martensitic reaction.
Tong and Wayman (33) recognized that stored elastic strain energy
can affect Mf (the finish temperature of the martensitic trans-
formation) as well as Ag; in particular, they noted that Ag can
lie below To. However, the contribution of strain energy was
considered by Tong and Wayman to be negligible at Ms as well as
at A (the finish temperature for the martensite-to-parent reac-
tion). By assuming the elastic contributions to the free energy
to be minimal in this range, Tong and Wayman placed To between

Ms and Af.

The contribution of strain energy to the transformation
behavior has been shown by Olson and Cohen (34) to be an important
factor during the entire transformation. Specifically, if a single
martensitic plateis formed in thermoelastic equilibrium then this
plate will revert at a temperature below To' Therefore, not only
AS, but also Af will be below To for the case of ideal thermoelas-
tic equilibrium. There are,however,two factors which can cause
Ag to move above To in an otherwise highly thermoelastic alloy.
First, the interface between the martensite and the parent phase
may have a significant frictional stress associated with its
motion, and the finite stress required to move this interface can
cause a deviation from thermoelastic equilibrium. If the frictional
stress is large enough, Af may be displaced above To' Another
deviation from ideal thermoelasticity arises when the shape change
associated with the transformation is not stored elastically in
the system. This may result because of some degree of plastic
accommodation (extensive plastic accommodation of the transforma-
tional shape change will lead to nonthermoelastic martensites as
exhibited by many ferrous systems). The transformational shape
change may not be elastically accommodated in at least one other
important situation; that of the single-interface transformation
in a single crystal. In the single-interface transformation, the
macroscopic shape of the crystal is not constrained, and thus the
transformation strain is not elastically stored, but rather the
entire external shape of the crystal is changed. The amount of
strain energy stored in a sample may be similarly reduced in

large-grained polycrystalline samples.
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The effects of stored elastic-strain energy can be eli-
minated in a material which would normally undergo a thermoelastic
martensitic transformation by causing a single crystal to undergo
a single-interface transformation. Cu-14w/oAl-3w/oNi transforms
from 8,4 (a D03 structure) to yi (a 2H structure) at a tempera-
ture close to room temperature. A single crystal of this alloy
(prepared by the Bridgman technique) was heat treated at 950°C
in an argon atmosphere for one nhour and water quenched. The
single crystal was then cooled so as to transform it by a single-
interface; specifically, the sample was transformed in a tempera-
ture gradient. Thermocouples were spot-welded at various points
to the surface of the single crystal so that the temperature could
be monitored throughout the transformation. During the single
interface transformation, the temperature at which the interfacc
passed each thermocouple was measured and was found to be the same
at ecach thermocouple location as the P/M interface* passed. The
temperature for growth of the forward transformation (T_) was
measured as well as the temperature for the reverse motion of
the interface (Tr). The motion of the interface during forward
growth was not smooth and uniform; the interface got "hung up"

‘
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at different places in the sample and at these points more |

undercooling was necessary to cause the interface to break free

and growth to continue. However, the temperature at which the
interface passed each thermocouple (moving smoothly and uniformly
in that region) was found to be constant. It proved to be sub-
stantially more difficult to obtain a single-interface reversion,
because nucleation of the parent (in themartensitic matrix)
usually occurred nearly simultaneously at several points. On

those occasions when a single -interface reversion was accomplished,
the behavior was much the same as that described for the single-
interface growth, the most important feature being that T, was

the same as the interface passed each thermocouple.

The same single crystal was also cooled in a manner which
caused it to undergo a multiple-interface transformation; that is,
the sample was cooled uniformly and this resulted in a number of
different martensitic variants being formed during the transformation.

* Interface between the parent and martensitic phases.
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The same series of thermocouples was used to determine the tempera-
tures Ms, Mf, As' and Af. These critical temperatures in the
hysteresis loop were determined by visually observing the sample
under a low power microscope. Figure 98 shows how the two
different transformations nccur as a function of temperature.

The lowering of Mg and A  in the multiple-interface transformation
shows the effect of the elastic strain-energy storage.

Af (from the multiple-interface reversion) is very nearly equal

to Tr (in the single-interface reverse transformation) because

the final plate to revert in the multiple-interface reversion

has no stored elastic energy to affect it.* The Af temperature

is thus primarily determined by the heating above"I‘o necessary

for growth. The difference between Ms and Tg (for the multiple-
interface and single-interface transformations respectively) is
small, and this indicates the undercooling below To necessary for
nucleation is close to that necessary for growth (after nuclea-
tion has already been accomplished). T0 can unambigously be

*This need not always be the case: in other samples of this
material cut in the shape of thin (0.05 mm) discs, the reverse transformation did
not proceed as the orderly ''unzipping'" process normally observed in thermoelastic
alloys. The reverse transformation usually proceeds such that the last plates
to form are the first to revert. The "normal" sequence then implies that the
final plate to revert was the first formed and in a single crystal this plate
is not affected by strain energy. Further, in the normal, well behaved reverse
transformation, it requires only a small change in temperature to cause this
last remaining plate to revert completely. In the "abnormally" behaving samples,
the reversion of the final plate (or the "single plate" in a singie-interface
transformation) took place by the parent phase being nucleated at several
places, and a large change in temperature was then required to cause the
parent to grow over the entire martensitic plate. It is not clear why the large
driving force for complete reversion is sometimes required, but it is evident
that the Af thus obtained is significantly greater than the A, observed for a

f
"normal'' reversion.
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Transformation Hysteresis Curves for a Single
Crystal Cu-14.0A1-3.0Ni. (A) Single-Interface
Transformation, and (B) Multiple-Interface
Transformation.
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bracketed between Tg and T, for the single-interface transformation

and reversion. Further, by assuming that the friction stress which

must be overcome by the interface growing in the forward direction

(i.e., P»M) is the same as the friction stress which must be over-

come by the interface growing in the reverse direction (i.e. M+P),

then T0 may be placed halfway between Tg and Tr (i.e., To=1/2

(Tg+Tr))' The temperatures Ms and Af for the multiple-interface
transformation in the single crystal must also bracket TO because

of the absence of the effects of strain energy both at Ms and Af. :
In the present alloy, the values of MS and Af for the multiple-

interface transformation are nearly equal to Tg and Tr respec- .
tively for the same sample transformed via single-interface, and

thus the setting of T, equal to 1/2 (Tg+Tr) is approxi-

mately equal to the determination of To as being equal to 1/2

(MS+Af). It is emphasized that the above discussion deals only

with single crystals, and can not be extended to polycrystalline

prsmrTe

samples as will presently be shown. 3
In order to show the effect that grain boundaries have
on the storage of elastic strain energy, samples of Cu-14Al1-3Ni
with differing grain size were examined. The polycrystalline
samples underwent the same heat treatment as the single crystal
that is, it was held at 950°C (in argon) for one hour and then

water quenched. Samples of differing grain size (the average
grain diameter, D, varying from .5mm to 4.0mm) were subsequently
viewed under a light microscope while being heated and cooled in

order to determine the transformation temperatures. The results
.are shown in Figure 99 (a,b,c). It is,of course,recognizéd that
at least some of the differences observed in the hysteresis loops

T T AT A e
i

ez L

of the various samples can be explained by small compositional
variations from sample to sample (and even from grain to grain

t
\"‘

within the same sample). In order to unabiguously show the effect
of grain boundaries on the transformation, the grain from the
coarsest-grained sample previously examined (see Figure 99C) was

spark-machined away in order to determine the transformation
lhysteresis loop. The differences in the hysteresis loops of the
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Figure 99. Transformation Hysteresis Curves for Cu-14.0Al1-3.0Ni

as a Function of Grain Size. (A) Fine Grained
(G.S5.=40 grains/in?}, (B) Intermediate Grained
(G.S.=60 grains/in?), (C) Coarse Grained (G.S.=
in2?), and (D) Single Crystal (cut from the
coarse-grained sample).
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coarsest-grained sample and single-crystal sample (shown in Figures
99¢ and 99d respectively) are due entirely to the effects of the
grain boundaries and are not due to any compositional changes or
differences in heat treatment. Figure 99 shows that the hysteresis
loop is depressed with decreasing grain size, Af is depressed in
going from the single crystal to the polycrystal, but is only
slightly affected by decreasing grain size over the narrow range
of grain size tested. MS is more strongly affected by decreasing
grain size than is Af, and this indicates that the effect of elas- .
tic constraint is significant even in the initial growth of
maitensite.
The single-crystal sample whose hysteresis loop is shown
in Figure 99d . (nunsingle-interface transformation) had a negligible
amount of stored elastic strain energy both near M and Af, that is,
it was "well behaved" (see the footnote at the bottom of page 154).
Thus, TO
Using the assumption that T0 is exactly halfway between Ms and Af*

can be bracketed by Ms and Af as was shown previously.

for the single crystal, a value of 33°C for TO is obtained. How-
ever, if the same scheme is used for polycrystalline samples (as
suggested by Tong and Wayman), the values for TO would range from
15 to 19°C depending on the grain size of the sample tested. This
results in an error of from 14 to 19°C in the approximation of o}
this error is certainly significant since the width of the hystere-
sis loops of these samples is only about 20 to 30°C. Further, an
error of 14 to 19°C has a fairly large effect on the calculation
of the chemical driving force. The error involved in putting TO

equal to 1/2 (MS+Af) for a polycrystalline sample may also become

“considerably greater in finer-grained specimens where it may be

possible to store a larger amount of elastic straian energy.

The effects of polycrystalline constraints on transforma-
tion behavior are also shown qualitatively in Figure 100. 1In a
given polycrystalline specimen, within a small area, a variation
in grain size could be seen. A small (D=0.5mm) interior grain

* The difference in the Ty's measured for the single crystals whose
transformation characteristics are shown in Figures 98and 9Y res-
pectively are must probably the result of slight compositional
changes and/or small differences in the quenching rates of the
two samples.
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(i.e., away from edges and corners) was examined, and its M_ and
Ap were compared to an interior grain of larger diameter (D=1.5mm).
These results can also be compared with less-constrained grains of
about the same size adjacent to the edges of the sample. Figure
100 shows that when the grain is less constrained, the MS is raised
significantly, and to a lesser extent the Af is also raised. The
increase of the Af (with decreasing amount of constraint) mey be |
explained by the corresponding decrease in stored elastic energy. L
The even stronger effect on Ms is somewhat surprising, but is un- f
doubtedly associated with the effect of elastic constraints on the i
growth of the martensite.
. Electrical resistivity has been measured as a function of
temperacure, and can be used as an alternate method of determining
MS, Mf, As,and Af. Figure 10la shows the resistivity versus temper-
ature curve for a Cu-14.0A1-3.0Ni single crystal. The transforma-

tion temperatures cannot be compared quantitatively with the single-
crystal hysteresis loops in Figures 98 and 99 bec2use even the H

minor differences in quenching rate from the solutionizing tempera-
ture of 950°C can change the degree of long-range order and this
affects the transformation temperatures. However, it was noted
that the temperatures where the color changes occurred coincided
with the points of resistivity inversion, thus confirming the
validity of determining the transformation temperatures on cooling
and heating by the optical (color change) method.

The resistivity versus temperature curve of the single-
crystal specimen (Figure 10la) shows MS to be -1°C and Af to be
37°C. The temperatures for Mf and AS cannot be determined accurately
from the curve because of the relatively gradual changes in slope
near both Mf and As‘ Certainly the bulk (greater than 90%) orf the

. transformation has been completed by -5°C on cooling and similarly
the reversion is wunderway between 20 and 25°C on heating. It is
important to note, however, that the temperatures of importance for
present purposes (i.e., Mg and Ag) can be determined fairly pre-
cisely from the resistivity curves.

The single crystal (with resistivity leads and thermo-
couple still attached) was cleaned and a thin layer (less than
0.001 in. thick as measured by a micrometer) of Ni was electro-
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Iytically plated on the specimen. The electrical resistivity was
then measured as a function of temperature (Figure 101b). The M,

i
|
b
!

D

has been depressed to approximately -10°C (as compared to the MS
of -1°C) for the unplated specimen. Th& A, however, remains

at 37°C. The Mf and A values are iess +~2s5il: 3defined; that is, 4
the portion of the curve that would indica:. Mf 3.1 cooling has
become more rounded off than it was for the nonplated sample.

This is also true for the portion of the heating curve (near 20°C)
which is used to yield the (approximate) value for As' The in-

crease in '"blurring" of Mf and AS over what it was for the non-
plated sample is probably due to the reduced size to which the ini- 4
tially-formed martensitic plates can grow (because of the con-
straints imposed by the Ni-plating). The reduced size of the
first-formed plates results in a larger volume fraction of the
sample that must be transformed by still smaller plates '"filling

in" between the initial plates. These small plates require more
super ccoling in order to form because of the increased elastic
strain energy that must be stored in the system due to the more
complex geometry of the aggregate of plates.

Another layer of Ni was added to the surface of the
specimen and the resistivity versus temperature was again mea-
sured (Figure 101c). The MS remgins unchanged at -10°C while
Af has been lowered slightly to about 34°C (from the previous value
of 37°C). The "blurring" of the Mf portion of the curve (around
-20°C on cocling) is greater than in the previous runs. On heat-
ing, the resistivity displays a dip that starts at about -10°C.
When more Ni is added to the plating (about 0.010 inch), the
resistivity curve (Figure 101d) shows an enhancement of the
effects exhibited by the curve of Figure 10lc. 1In othér words,

M, and Af remain approximately constant at -10°C and 34°C res- .
pectively, but the curve (on cooling) rounds off even more in i
the vicinity of M¢ and the dip on heating (starting at about ]
-10°C) becomes still more pronounced.

A thick Ni-layer was finally applied to the surface and
the resulting resistivity is shown in Figure 10le. This final 1
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E nearly a straight line, and does not indicate any transformation
occurring in the temperature range observed. Samples with Ni-
plating of thickness intermediate between those reported in
Figures 101d and 10le showed basically the same behavior as the
curve in Figure 101d.

The curves in Figure 101 represent rather unusual be-
havior for thermoelastic martensitic material; this behavior as
presently understood will be described below. The first Ni-
plating seems to have depressed Ms by suppressing the surface
nucleation of the martensite (i.e., the free surface is, in
effect, removed by the Ni-plating). The Mf and As are less
well-defined because of the increased number of smaller plates forming
(which previously were able to grow to almost the entire volume
of the specimen). As the Ni-plating is increased in thickness,
the MS and Af remain relatively unchanged. The Mf portion of

Ni-plating was about 20 mils thick. The resistivity curve becomes : j
H
4
|

B
A Faie o £ ban e .
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the curve becomes increasingly rounded-off, indicating that a
larger part of the sample volume is being taken up by smaller
plates. The transformation is thus rendered more thermoelastic

e i

- - that is, the Ni-plating causes a greater amount of elastic
strain energy to be stored in the matrix and this has the effect
of making the transformation of the single crystal occur via a
greater number of plates and variants than was previously ob-
served in the unplated condition. The elastic strain energy
stored in the Ni-plated sample can be used to promote the re-
verse transformation on heating - this seems to be the cause

p " of the early dip in the heating curve, which increases in

? magnitude as the thickness of the Ni-plating is increased.

) If this is the case, then at some Ni-plating thickness, the

amount of strain energy stored in the Ni-plated sample should

be sufficient to cause the reversion of the sample to be complete
before the Af of the unplated sample. This behavior was not demon-
strated in the present set of experiments, the most probable
reason Being that the conductivity of the thick Ni-plating becomes

ELTN EOF w

dabe S T e

i Sh SRR T 58 P

sufficiently large to obscure any resistivity changes due to the

£
? transformation itself.
; Subsequently, the specimen with the thick Ni-plating
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was electropolished to remove the Ni. The resistivity curve
of this sample (unplated) was then re-measured and is shown
in Figure 102A. The MS increased to -2°C (very close to the
Mg of -1°C for the unplated specimen). This demonstrates
that the effect of the Ni-plating is reversible and that
removing the Ni-plating causes the return of Ms to -10°C,
with little or no influence of the Af.

Stored elastic strain energy can also importantly
affect the evaluation of other thermodynamic quantities,
specifically enthalpy and entropy. The elastic strain energy
increases during the forward transformation in order to bring
about a thermoelastic balance. The condition for thermoelastic
equilibrium has been determined by Olson and Cohen (34) and
Tong and Wayman (33) to be:

AG + nAG - heating .

; 12
chenm elas . Tiny frict [12]

where AGchem is the change in chemical free energy, AGelas is

the change in elastic free energy, AGfrict is the energy regis-
tered to overcome lattice friction (i.e., the inherent lattice
resistance to the motion of the P-M interface), and n is a con-
stant. The value of n must be greater than or equal to one; from
the First Law of Thermodynamics, it is not possible to '"store"

nore energy elastically than is made available to the system by

the change in chemical free energy produced by the transformation.
For the case of a single isolated plate of martensite formed in
thermoelastic equilibrium, n has been calculated by Olson and Cohen
to have a value of two. Because the chemical and elastic terms are
of opposite sign, it is anticipated that the elastic enthalpy con-
tribution will cause a substantial reduction in the magnitude of
the measured net enthalpy change when the transformation proceeds
in a thermoelastic manner. A quantitative interpretation of the
calorimetric measurements of polycrystalline samples is not at

all straightforward, but it is clear that these measurementg

do not determine the chemical enthalpy change of the trans-
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Figure 102. Transformation Hysteresis Curves for a
Cu-14.0A1-3.0Ni Single Crystal with
(A) Ni-Plating Removed, and
(B) A Thin Thin Ni-Plating Reapplied.
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/ «  formation.

Recognizing that elastic strain energy affects the obscrved
enthalpy change, the most direct way of measuring the chemical en-
thalpy change is to eliminate the storage of elastic strain energy
in the system. As outlined previously, this can be accomplished by
1) eliminating the gra.n boundaries, and 2) transforming the sample _
via a single interface. Single-crystal samples of Cu-14A1-3Ni were ;
prepared for testing in a D.S.C. (differential scanning calorimeter; ]
Perkins and Elmer model). The samples were discs about 6mm in
diameter by 0.2 to 1.5 mm thick, and were obtained by spark cutting p
from a (large) single-crystal specimen. Each disc sample was then 3
chemically polished and examined visually while cooling under a :
low-power optical microscope. One of the samples consistently o
transformed by the motion of a single interface with no special 1
cooling procedures. This sample (designated as Sample 1) along '
with two other single crystals (Sample 2 and 3) were tested in the 3
D.S.C. along with two polycrystalline samples (Samples 4 and 5). é
The cooling curves from the calorimeter (i.e., for the BI*Y; '

transformation) for Sample 1 suggested that the transformation
occurred by a single-interface mechanism. The measured peak was
sharp and retained the same size and shape for cooling rates ;
varying from 80°C/min down to 0.31°C/min. In addition, the cool-
ing peak of Sample 1 exhibited none of the structure which was
subsequently found in thz calorimetric curves porduced by the other
samples. The maximum difference between Ms and Mf (measured at

the slowest cooling rate of 0.31°C/min) was less than 0.05°C,

The other samples (both single crystals and polycrystals) produced
broad peaks on cooling,which indicated that the transformation E
occurred by a multiple interface mechanism. The peaks from the
B>y ', transformation for Samples 2 through 5 had a width and
structure which was not evident in the peak from Sample 1. Figure
103 shows examples of the transformation peak exhibited by each of -
the samples (cooling rate of 40°C/min). Table 8 shows the net i
enthalpy change measured for each sample (i.e., the area under the :
peak). The values listed in the table are the averages of at least ;
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TABLE 8

NET ENTHALPY CHANGE FOR THE 4-7' TRANSFOR-
- MATION IN SINGLE-CRYSTAL AND POLYCRYSTALLINE

SAMPLES OF Cu=14W/ Al-3W/o Ni.

SAMPLE AH coolin
(cal/mole

f

AHpgatin
(cal/mole

SAMPLE | (single-interface) -123
single crystal- 32.83 mg.

SAMPLE 2 (multiple-interface) -113
single crystal- 71.0 ing.

77

SAMPLE 3 (multiple-interface) -106
single crystal- 85.8 mg.

SAMPLE 4 -3
polycrystal- 37.7 mg. (D=i.Cmm.)

SAMPLE 5 -3
noiycrystai- 93.2mg. (D=1.0mm.)

D s the average grain diameter.
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HEAT CAPACITY (ARBITRARY UNITS)

- 285 284 2835
TEMPERATURE  (°K)

%)

E ' ,
5 [ POLYCRYSTALLINE SAMPLES ;‘
s
g; SAMPLE 4 %
& SAMPLE 5 g
g !
>
r
I

,____-=——-"”J, L, AN~ L¥

269 268
TEMPERATURE  (°K)

Figure 103, Differential Scanning Calcrimeter Curves
for Samples of Cu-14A1-3Ni (cooling rate
of 40°K/min.). '
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three runs on each sample and show that the single-interface trans-
formation (Sample 1) is free from the contribution of elastic strain
energy (the measured change in enthalpy is equal to the chemical
enthalpy change for the B,+y,' transformation). Further, the contri-
bution of elastic strain energy to the multiple-interface transfor-
mations acts to decrease the absolute value of the measured enthalpy
change as predicted by the fundamental theoretical considerations
treated earlier. The absolute values of the measured enthalpy
changes of Samples 2 through 5 are at least 10 cal/mole less than
the absolute value of the net enthalpy change measured for Sample 1.
The actual value of AHnet is, of course, dependent on the amount of
strain energy actually stored in the sample -- the amount of strain
energy can vary from sample to sample depending on grain size, de-
fect substructure (dislocation density for example), second phase ,
(amount and distribution), degree of long-range order, and external ;
constraints on the crystal.

As was shown earlier, a thin plating (less than 0.001 inches
thick) of nickel on Cu-14A1-3Ni depresses the MS of the sample by
about 10°C without affecting the A temperature. Nickel plating also
has the effect of causing a single-crystal sample to transform to
a larger number of fine martensitic plates than it transformed to in
the absence of the nickel plating. This implies that the strain
energy should be larger due to the increase in the "multiple-interface"
character of the transformation (the interface between the martensite
plates can provide barriers to the growth of other plates and act to
constrain the shape of the sample). Also, the depression of the trans-
formacion increases the chemical driving forcc, and thus by Equation

12, the magnitude of the elastic strain energy must also be increased.
The samples previously tested were lightly chemically po-

lished, weighed, and plated with a thin layer of nickel. These

nickel plated specimens were tested in the calorimeter, and for

those samples on which the nickel plating kept its integrity (i.e.,

it did not flake off after the samples were transformed and revert-

ed), the Mg and the average transformation temperature of the samples

-169-




A L SR A i A i ML Al A S Ak S AL T ey v SR YT oy
Fv T " = v Clachaci e = S '“
L

were deprivssed. The average transformation temperature used here
is the temperature at which the center-of-mass of the calorimetric
curve (on cooling) is located.

Sample 1,which previously, when unplated underwent a
single-interface transformation, disnlayed a AH transformation
curve which showed much structure a 4 width after the sample i
was nickel plated. This can be seen in Figure 104. The change ]
in peak size, width, and shape strongly indicates a change from :
a single-interface transformation to a multiple-interface trans- ‘ :
formation in the same sample. Subsequent metallographic exami- T
antion showed (after the nickel was chemically polished away) i
that the sample had indeed transformed to many individual marten-
site plates (i.e., a multiple-interface transformation) when the
sample was nickel plated. The sample was then reverted to the
single-crystal parent phase, polished, and upon cooling (on a
cold stage under an optical microscope), the sample again trans-

P P Yo N

formed via single interface. |
The absolute values of the net change in enthalpy on i

cooling were decreased in going from unplated to plated samples,

and this is shown in Table 9. The absolute value of the measured

enthalpy change was decreased from 123 cal/mole to 101 cal/mole 3

for Sample 1 (single-interface). The absolute values of the

measured enthalpy changes for the nickel-plated polycrystals are

Tk Stats o tnltose o g s M

fadil . L

ey

oz et e

also smaller than for the unplated samples. )
In summarizing the calorimetric measurements, it is quite

*

evident that elastic effects can contribute importantly to
measured enthalpy terms. The elastic contributions to the enthalpy
change in the present set of experiments affected the measurement

of the net enthalpy changes up to about 20%. [The effects of

strain energy, which can be eliminated by a single-interface transfor-

tion, can be interpreted in a straightforward manner as will

CEY i T v - SoR B AR RN Sl P’

presently be described].

It is clear that the enthalpy term obtained from the
single-interface transformation is a measure of the chemical en-
thalpy change of the B,+y} transformation. Specifically, there
is no elastic contribution to the measured enthalpy change in the
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Figure 104, Differential Scanning Calorimeter Curves
for a Single Crystal of Cu-14A1-3Ni in
the Unplated and Ni-Plated Conditions
.cooling rate of 40°K/min).
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TABLE 9

NET ENTHALPY CHANGE FOR THE /4 -%° TRANSFOR-
MATION IN NON-PLATED AND NI-PLATED SAMPLES

OF Cu-14W/0 Al-3W/o Ni.

SAMPLE

SAMPLE |
UNPLATED (single-interface) -|23
Ni-PLATED -0l

SAMPLE 4 (polycrystal-D=|.0 mm)
UNPLATED -3
Ni-PLATED -0l

SAMPLE 5 (polycrystal- D% 1.0 mm)
UNPLATED -3
Ni-PLATED ~105

T is the average transformation temperature.

D is the average grain diameter.
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single-interface transformation, leaving only the chemical term.
The enthalpy change measured for the single:interface transfor-
mation of Cu-14A1-3Ni indicates that AHEQ;;‘ is equal to -123
cal/mole.

. Bi*Y) JacB17YY | e ans -
Since AGnet AGChem 0 for the single-interface trans

formation at To’ it follows that:

B1y1 - B1+Y1
88 hem ffghgm__. {131
Ty

1 1
where 45817Y1  i5 the chemical entropy change for the Bi=+y)

transforggi?on. To’ as was previously shown, can be placed
bztween Tg and Tr for a sample which urdergoes a single-interface
transformatinon on cooling but not on heating (see footnote on
page 154). Further, from the single-interface transfovmation in
a gradient, (described earlier), it was determined that, for these
Cu-14A1-3Ni alloys, Tg equals approximately Mg + 2°C and that

Tr equals approximately As' From measurements both in the
calorimeter and under an optical microscope, M, and A_ are found
to be 14°C and 46°C respectively. Tg and T, are thus 16°C and
46°C respectively, and since To is approximated as being halfway
between T and T_, T0 is found to be 31°C. Using the appropriate
values of AHE%E%‘ and TO in quation 13, a value of -0.405 cal/
mole®°K is caluclated for Asgﬁggl

change at MS for the single-interface transformation is then given
by :

The chemical free-energy

Bl*Y{ = _ BI*Y;
AGChem (at ME) (To MS)ASChemv [14]

]
and AGE%E;I (at MS) is then found to be -6.9 cal/mole (i.e., the

chemical driving force at MS is equal to 6.9 cal/mole).

For the single-interface transformation,the effects of
elastic strain energy are eliminated,and to a good approximation
the entire hysteresis involved in moving an existing parent-
martensite interface is caused by the existence of a frictional
resistence to its motion. That is, a sufficient chemical driving

-173-

T PRI AW
L e o o




1
!

force must be built up (by cooling below To for the forward trans-

formation) to overcome the '"resistance" of the lattice friction. Thus,

the interface friction contribution to the change in free ecnergy
can be estimated (for the large interface moving in the single-

interface transformation) by finding the undercooling nedessary

to move the existing interface. For the single-interface trans-
formation Equation 12 becomes:

B1+v{ = - : 1
AG} am (Tg) AGgoicq (for cooling) [15]
and \ :
Bi1+y1 - _
AGchem (at Tg) = AS(To Tg) [16]

The contribution of the friction term to the change in free energy
thus is 6.1 cal/mole (for the foward or B,»y; transformation).

The chemical thermodynamic terms for the B;»>y! transfor-
mation in Cu-14A1-3Ni can be calculated unambiguously from the
data known for the single-interface transformation., Table 10
gives a summary of the chemical thermodynamic terms calcwlated
in this work.

After establishing the chemical thermodynamic terms, it
is possible to gain a significant understanding of the effect that
elastic strain energy has on the thermodynamics. It is evident
from the calorimetric results that stored elastic energy lowers
the magnitude of the measured net enthalpy. Further, the magni-
tude of the measured enthalpy is decreased as the average trans-
formation temperature is lowered. The average transformation tem-
perature of a single-interface transformation in a single crystal
can be lowered by transforming the sample via a multiple-interface
mechanism. By sample preparation (control of grain size, nickel
plating, etc.), the transformation can be caused by proceed as a
finer and finer multiple-interface transformation which simultan-
eously causes the effect of strain energy to become larger and
larger.

-174-

TR S R N P 3

b
g
4
3
{
E:
B
E

VTP ICSRIESIC It EE I PO + S artom Aaad il il Y e,

Py




" . v - o e g, e e s et s ik _—— e T
e L e e S R e e i o AR s g L 7 e Ea i 3 5 & s

TABLE 10

M Lt e etk S

CHEMICAL THERMODYNAMIC QUANTITIES FOR Cu-I4AI-3Ni
r CALCULATED FROM CALORIMETRY DATA OF SINGLE-
INTERFACE TRANSFORMATIONS.

Mg = 14 °C

T. =16 °ct

A. = 46 °C ]

T

5 = 31 °C

Or.’ 4’
ARG = =123 (cal/mole) |

AShrar & ~0.405 (cal/mole-°K) i

AGHT = -6.9 (cal/mole)  (NUCLEATION)

At

AGghem = —6.1' (cal/mole) (GROWTH)

* FROM THE SINGLE-INTERFACE GRADIENT EXPERIMENT
Ty =M =2 °C.
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Experimentally measured changes in enthalpy plotted as
a function of the average transformation temperature are shown
in Figure 105. The data points are measured enthalpy changes
for the B,+y! transformation in Cu-14A1-3Ni single-crystal chips
spark cut from the same initial (large) single crystal sample.
Included in this figure are enthalpy changes from Samples 2 and
3, and the nickel-plated Sample 1. The chemical enthalpy change
(from the nonplated Sample 1) was found to be -123 cal/mole in
the foregoing. The chemical enthalpy change was placed at the
forward growth temperature, T_, for the B;+y]  interface. The
difference between the growth temperature and T, reflects the
driving force necessary to overcome the friction term. The
approximate temperature for Tg (equal to MS+Z°C) was obtained
for the previously described experiments on the growth of a
single interface in a temperature gradient. The absolute num-
ber for the difference between Tg and Ms is small in this case,
and indeed is about equal to the experimental error. However, the
difference between T_ and MS will be used because of the impor-
tant conceptual distinction between the two temperatures.

The elastic entropy change can be related to the change
of some appropriate modulus as a function of temperature.
Specifically

ASe1as _ -1 dM
BGe1as M dT

[17]
where M is some particular modulus (depending on the stress state
created by the shape change of the transformation). Data for
Young's modulus (35) and for the shear modulus (36) show %% g¥

to be about 2.5 x 10 7°C for Cu-Al-Ni specimens which undergo the

B>y, transformation on cooling. Using this value of %% gﬁ,
Aselas(as a function of temperature) can be calculated if AGgqas

(as a function of temperature) is known. Previously, the balance
of free energy at a thermoelastic equilibrium was expressed as:
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Figure 105. Measured Change in Enthalpy Versus Average ‘ji
Transformation Temperature for Single Crystals 3 i
of Cu-14A1-3Ni.
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+ nAG (on cooling) [18]

chem elas © “ACfrict

and since AG_, .. can be ég&cdgated from

chem
AG (at T) = ¥, @ (19}

chem chem

AGelas can . : calculated at each temperature if nand AGfrict are
known. In the following calculations,a value of nequal to one
has been used because it predicts the largest effect of strain
energy and thus provides the best fit to the exper1menta1 data.
The difference between T and Tg can be use®to cé‘cula e the
friction term for the motlon of large interfaces (such as the
single-interface transformation or the large initial plates of

a multiple-interface transformation). The calculated value for
AGfrict for the single-interface transforggtion is equal to 6.1
cal/mole. However, experimentally‘!t .ageen shown that the
last plates which form during the transformation often have a
much smaller hysteresis betweén the temperatures for growth and

reversion than the first plates to form. This indicates that the

effective friction term is nci 2 constant and that its magnitude
is lowered as the transformation proceeds. Work by Wayman and
co-workers, (37-38) as well as our own observations show that the
hysteresis for the final plates formed is less than a third

of that for initially formed plates. In fact, the sequential
micrographs of a thermoelastic transformation (and reversion) in

FezPt (37) indicaxg=@@t there is’an order of magnitude difference
in the hysteresis between the temperatures for growth and shrink-

age of various plates. This inforM®ion suggests that the

friction free energy term may vary during the course of the trans-

formation. Hence, in the following calculations, two extremes

are adopted relating to the maximum and minimum magnitudes between which

the friction term is likely to vary during the transformation.

The maximum magnitude used is the value of 6.1 cal/mole determined .

from the thermal hysteresis of moving the single interface back
and forth. The minimum value used in the calculations is zero,

L
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that is, the magnitude of the friction tern appears negligible as
the transformation approaches completion. With these extreme
values of the friction term (andn=1), two functions of AGelas
(vs. temperature) can be calculated (from Eyuation 18). This,
in turn,then leads to two functions of ASelas with temperature
(from Equation 17), and these can be used to calculate changes in
A“elés with temperature (again two functions) from the following

relation:

= AG + TAS [20]

AH elas elas

elas
Finally, twe ranges of AH ., as a function of temperature are

found from

AH = AH + AH = AH ~123 cal/mole [21]

net elas chenm elas

Figure 106 shows the calculated values of AHnet (dashed 1lines) which
correspond to using maximum and minimum values of the frictional
term. As shown in Figure 106, some of the data lie outside of the
predicted band. The width of the calorimeter peak is included for
each péint. Thusit isreasonable to assert that the average trans-
formation temperature should really be used as an upper limit for
the functional dependence of AH ., oOn temperatgre. This is because
most of the elastic energy (specifically in the case of single-cry-
stals, the data of which is reported in Figure 106) is generated in
the sample as the multiple-interface transformation approaches
completion. As the transformation proceeds, the martensitic plates
impinge upon, and constrain,each other, and this impingement and
constraint becomes highest (i.e., more strain energy is stored per
unit volume) near the end of the transformation. The actual tem-
perature dependence of AHnet should then probably be biased more
toward the lower end of the transformation peak than to the center
of mass (i.e., the average transformation temperature) of the peak.

Any remaining difference between the experimental points
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: and the band calculated from the modulus data could possibly be

due to a significant increase in the amount cf interfacial area

due to twins (and/or stacking faults) as the martensitic plates
become finer and finer. In this work it ihas been found that the
number of martensitic plates increases and, correspondingly, the plate
_ size decreases as the aver-ge transformation temperature is lowered.
| ﬁ It has further been reported in the Cu-Al system (which undergoes

8 the same transformation from B, to y; that the twin spacing de-
creases with the size of the martensite plate (39). In alloys

of Cu-Al1-Ni which undergo the g,+y, transformation, it has also
been reported that the width of the twins varies significantly

fzom one plate to another; but no correlation was made with overall
plate size (40). Replicas of the alloys studied in this work do
however, suggest a tendency of the twin spacing to decrease with
plate size.

E

The contribution of twin boundaries to the net change in
enthalpy (AHTB) is given approximately by:

= 1
AHTB YVM I [22]

e Ear

where yis the boundary interfacial energy (which is on the order
1 of 30 ergs/cm?), VM is the molar volume (7.46 cm¥®/mole), and d
{ is the twin spacing. In order for the increase in twin boundary
! area (or stacking-fault area) to account for the discrepancy in
Figure 106 (of up to 3 cal/mole), the spacing between the twins
(or stacking faults) in the last plates to form would have to be
on the order of 2503. On the other hand, the interface spacing
(of Ewins and/or stacking faults) would have to be above about
T 1500A in the initial large plates in order that the contribution
| to the enthalpy change from interfacial energy be negligible. The
information available on the microstructure of Cu-Al-Ni shows thgt
the twin spacing of the Y, martensites can range from below S500A to
as high as about 10,0002. It is also apparent that stacking faults
can form with a fine spacing in some y] martensitic plates, but
this unfortunately has not been correlated with the size of the
martensitic plates. Further experiments would have to be made to
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quantify the contribution of interfacial energy to the measured
enthalpy change,and to determine whether or not this can explain
why some experimental data fall outside of the calculated band.

To summarize, the calorimetric data of Cu-14A1-3Ni
shows that elastic contributions are not negligible. Further,
calculations have shown that the experimental data can be fitted
fairly well by using reasonable values of n, 'é g#, and AGfrict.

2, Damping in Thermoelastic Cu-Al-Ni Alloys

Previous reports (1-5) as well as articles in the liter-
ature (35-45) have identified Cu-Al-Ni alloys which urdergo the
B,»y; transformation as a high damping material. Several methods
have been employed to measure the damping in thermoelastic mar-
tensites, and in many cases, the actual damping curve is quite
complicated. A schematic representation of measured damping
curves can however be presented which divides tlie damping behav-
ior into three regions. This schematic illustration is
shown in Figure 107, 1In region I, the damping is relatively low
and can adequately be accounted for by dislocation damping (35-42)
The damping in region I is not directly connected with the marten-
sitic transformation and thus will not be considered further. The
high damping in regions Il and III appears to be associated with the
nature of the thermoelastic martensitic transformation. The damp-
ing in region II has been attributed to the energy loss associated
with parent-martensite (P-M) interface motion (35-44). The fairly
substantial damping often found in region III (for the thermoelas-
tic martenﬁetes) has been ascribed to the motion of defects within
the fully martensitic structurc. The particular defects proposed
as being most important are twin boundaries and martensite-marten-
site (M-M) interfaces.

Important aspects of the damping behavior in region II
will now be presented and discussed. Figure 108* presents strong

* Tigure 108 is a schematic representation of data in references
(35-45).
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Figure 107. Schematic Illustration of the Internal Friction
in Thermoelastic Martensites.
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!
evidence for considering the motion of P-M interfaces to be the §
most important damping mechanism in region II. The damping !
‘shown in Figure 108 peaks when the transformation is approxi-
mately 50% complete. The damping is a function of the amount
of P-M interface present, and thus the damping increases as the
amount of P-M interface increases up to the point where the vol- i
ume of the martensite approximately equals tha: of the parent. !
When the transformation increases beyond this point, the marten-
sitic plates increasingly impinge on one another meaning that the
P-M interfaces are no longer as free to move. Then the interfaces
cease to damp as effectively. The damping in region II has also
been shown to be amplitude dependent (36-45) and frequency indep-
dent, (34-45). This behavior is expected for damping caused by

* the motion of P-M interfaces.

e

For most practical applications of damping materials,
it is important that the mechanism causing the vibrational energy
dissipation not be exhausted after some number of cycles, In the
present example, this means that the P-M interface should be able
to be moved in either direction with little hysteresis in either
stress or temperature. This indicat:s that it is important for
the martensitic transformation to possess a high degree of thermo-
elasticity if it is to have good continuous damping properties.
A graphic example of this is seen wher he damping behavior of a

L 4

thermoelastic martensite is compared to the damping behavior of
a nonthermoelastic martensite (44). Figure 109 shows the damp-
ing behavior of a thermoelastic Cu-Al-Ni alloy. The dashed curve ]

a4

3 - et B L S S R

in Figure 109A shows the measured damping exhibited by the alloy ;
on continuous cooling (it 3°C/min). The solid curve in Figure i
109A shows the '"stable" damping behavior which was obtained by g
measuring the damping after holding the sample at each temperature o
for ten minutes. The isothermal damping curves as a function of

time at a particular temperature are shown in Figure 109b. In )
this figure, it is clearly demonstrated that the damping at vari- ]
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ous temperatures decreases with time until stable behavior is
attained. The stable peak-damping value for the thermoelastic
Cu-Al-Ni still remains at a very high level, demonstrating that
some damping mechanism continues to operate effectively through
many cycles. In contrast to the thermoelastic damping behavior
shown in Figure 109, the damping characteristics of a nonthermo-
elastic martensite are shown in Figure 110. Again, the dashed
cu 7¢ (Figure 110A) shows the damping measured when the alloy
was continuously cooled (at 4°C/min) and the solid line shows
the "stable" damping measured after holding the sample at each
temperature for five minutes. The decay with time of the damp-
ing measured isothermally is shown in Figure 110b. Thus, in
contrast to the thermoelastic martensite, the damping behavior
of the nonthermoelastic martensite shows that the damping falls
to the background level (established in region I) after a few
minutes at all temperatures. This demonstrates the importance
of having a repeatable mechanism to cause the damping. In the
case of a martensitic transformation, it is quite important that
the transformation have a large amount of thermoelasticity. When
the thermoelastic nature is complete, (i.e., there is no irrever-
sible plastic accomodation of the transformational shape change),
the interface between the parent and the martensite can move in
either direction with only a relatively small amount of hysteresis
(in either stress or temperature). The motion of the P-M inter-
face in response to the vibrational stress is thus able to cause
damping of the static hysteresis type (46).

Microstructural evidence for the P-M damping mechanism
is given by the optical micrographs shown in Figures 111 and 112.
These micrographs show that P-M interfaces can move forward with
stress and revert with little hysteresis and no time delay. Ten-
sile stresses on the order of 5000 psi were applied to samples
being held at constant temperature. In Figure 111, the sample
was at a temperature of 40°C which is about 35°C above Ms.
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Figure 111. Optical Micrograph (Magnification 50X) of Cu-14A1-3Ni
At a Temperature 36°C above Mg. (A) Unstressed,
(B) Applied Stress of 5000 psi, and (C) Stress

Released.
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Figure 111A is the microstructure with no stress applied,* and in
Figure 111B a stress (of approximately 5C00 psi) was applied.
Note that the number and width of the acicular martensitic units
have increased. In Figure 111C the stress was again returned to
zero, and the microstructure has been reverted to very close to
the first microstructure shown in 11la. The acicular martensite
formed by stressing the matrix well above MS has been identified
by Otsuka and Shimizu (47) as being of the B; (or 9R) type com-
pared to the thermally formed y; (or 2H) type.

As the temperature is moved close to Mg, the stress-

induced martensite is the same as that thermally formed (Yy; or the 2H).

Figure 112A shows the Cu-14A1-3Ni sample just below M the ther-
mally formed martensite is platelike designated by the arrows

in the micrograph. 1In Figure 112B with a stress applied (again
roughly 5000 psi), existing plates have increased in both thick-
ness and length (see arrows) and new plates of y; have been
formed. As in the previous example, when the stress is released
(Figure 112C), the microstructure returns substantially to that
of the unstressed state (Figure 112A).

These results show that for stresses on the order of
those employed in testing the damping of the samples (2-5 ksi)
that P-M interfaces can indeed move. Further, they are glissile
in both directions and are not necessarily prevented from return-

ing to their original position when the stress is released (or the

sample is stressed in the opposite sense).

The damping in region III (see Figure 107) has been
ascribed to the motion of twin boundaries and/or the martensite-
martensite (M-M) boundaries. As was found in region II, the damp-
ing in region III is amplitude dependent as well as frequency in-

* Earlier in the sample's history, however, stress had been applied

which induced the nonreverted acicular-type martensite seer in
in the micrograph.
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Figure 112. Optical Micrograph (Magnification 50X) of Cu-14A1-3Ni
at a Temperature Just Below M,. (A) Unstressed,
(B) Applied Stress of 5000 psi, and (C) Stress
Released.
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dependent (35-45). Again, this is consistent with the proposed
damping mechanism (i.e., the motion of twin or M-M interfaces).
Referring again to Figures 109 and 110, a substantial difference
of the damping in region IIl is seen between the thermoelastic
and nonthermoelastic martensites. The damping of the nonthei -
moelastic martensite at temperatures where the sample is entirely
martensite is not substantially above the background level of
region I (where the sample is all parent phase). The stable
damping of the martensite is low because the transformation
strain is not stored elastically in the lattice, but rather there
is a large amount of nonrecoverable plastic accomodation of the
transformation strain. This nonrecoverable plastic accomodation
prevents the reversible motion of twin boundaries and/or M-M
interfaces and cannot itself be used effectively in damping. In
contrast, the damping level in region III of the thermoelastic
alloy is substantiaily above the background level in region I. It
is well known (40-48) that the y;martensite in Cu-Al-Ni contains
substantial numbers of twins and that there is little non-
recoverable plastic accomodation of the transformation. This
implies that motion of twin interfaces and M-M boundaries in
response to a stress should not be obstructed by a large amount
of dislocation debris. Electron microscopy work (48) performed
on Y; Cu-Al-Ni martensites has demonstrated the mobility of twins
under sEwewe, Figure 113 shows optical micrographs where the
reversible motion of twin boundaries on application of a tensile
load to the specimen is recorded. This then provides microstruc-
tural evidence that twin boundaries are glissile and therefore
their stress-induced motion can c.gay%static hysteresis -type
damping.

The microstructure of fully martensitic samples which
have been loaded (in tension and/or compression) is often very com-
plicated, and it becomes difficult to identify the individual fea-
tures as being twins within a single martensite variant or twin-
related martensitic variants. Under certain conditions, there are
several different sets of nearly parallel microstructural features
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3 Figure 113. Optical Micrographs (Magnificatior 80X) of a
h ’ Cu-14A1-3Ni Single Crystal at a Temperature
g Below Mf.
-I A) Tensile Stress Applied (to about 2 ksi).
B)' Tensile Stress Released.
C) Tensile Stress Applied (to about 3 ksi).

PRy o]

|
|
E 3
i -193- :
;f'

PR Nranl

o e O Ty

ek ATEAIITYNAT T py s s R AT AT Y | A e S




e e

o

BT o et

e e A et R e

which can move reversibiy in response to stress and can thus be
considered as capable of causing damping. An M-M interface which
can be very clearly identified and seen to move in response to

a stress is shown in Figure 114, In Figure 114A the
thermally-formed fully martensitic structure is shown, and when

a tensile load is applied, the martensite variant denoted by the
arrow becomes successively more narrow and shrinks in size (Fig-
ure 114B and 114C). However, upon release of the stress or upon
application of a stress of oppostie sign, the variant marked in
Figure 114 did not widen or grow (i.e., the M-M interface did not
move in the opposite direction). This behavior was observed in
several instances; specificaliy, the reversible motion of definite
M-M interfaces was never observed. This would seem to cast doubt
as to whether M-M motion is an important damping mechanism. It
is important to note, however, that these M-M boundaries were ob-
served in a single crystal and the M-M interfaces may not have
moved in the reverse direction because of the lack of sufficient
stored elastic strain energy (duec to absence of grain

boundary constraints on sample shape). It is also possible that
the correct stress to move tne observed M-M interfaces in the
opposite direction could not be applied because of sample geo-
metry. Attempts to observe the motion of features in the micro
structure of fully transformed polycrystalline samples were not
successful due to intergranular fracture at fairly low loads.

A single martensitic variant with very (ew apparent
microstructural features, formed by applying a tensile load is
shown in Figure 115A. Figure 115B shows the typical complicated
microstructure often observed; the structure in Figure 115B was
formed by releasing the tensile stress and applying a compressive
load to the sample. It is not readily apparent from studying the
microstructure at this magnification (80X) as well as magnifica-
tions up to 500X whether the parallel features are twins within
a single variant or are twin-related variants of martensite.
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3 ' Figure 114. OJptical Micrographs (Magnification 80X) of a
g‘ Cu-14A1-3Ni Single Crystal at a Temperature
>, Below Mf.

¥ A) Initial microstructure (fully martensite
under no load).
B) Tensile Stress Applied (about 1 ksi).
C) In]czreajlsed Tensile Stress Applied (about
5 ksi).
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Figure 115. Optical Micrographs (Magnification 80X) of a
Cu-14A1-3Ni Single Crystal at a Temperature
Below Mf.
t A) Single Variant (formed by application of
. a tensile load).
E B) Compressive Stress Applied and Released.
¢ C) Tensile Stress (to about 1 ksi).
@ D) Tensile Stress Increased (to about 3 ksi).
§ E) Tensile Stress Increased (to about 6 ksi-
single variant). :
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E : ‘When a tensile stress is applied, many of the microstructural twin- ‘
E like features move and some grow at the expense of others (Figures i
115C and 115D), and at a high enough tensile load, the microstruc- !
ture is essentially featureless (Figure 115l). That is, one twin- ‘
like orientation has hecome favored enough to eliminate the other. 1
The sequence shown in Figure 115 shows the reversible motion of
the twin-1like features first formed by a compressive load. i

Strong evidence has thus been presented that the motion
of twin boundaries gives rise to the relatively high damping in :
region III. The microstructural support for the reversible mo- i
tion of M-M interfaces is not as clear. The growth under stress %
of some variants at the expense of others has heen observed in
several cases; however, this growth did not reverse when a stress
of opposite sign was applied (at least in the case of a single
b crystal). In many cases involving a complicated microstructure, ;
i hewever, it has not been established if the parallel microstruc- E
tural features (which do move reversibly with stress) are

twins within a single martensite variant or are twin-related i
variants of martensite. If some of the parallel features

in Figure 115 are twin-reclated martensitic variants, the observed
reversible motion of these features (then classified as the
motion of M-M interfaces) would provide evidence for damping

duc to a M-M interface mechanism.

3. Brittleness in CuSAl-Basc Alloys

The problem of brittleness in polycrystalline CuSAl-based
alloys is of considerable importance in developing a useful alloy.
The phase diagram of the Cu-Al system indicates that the cquilibrium

- structure of the alloy under study lies in the a+y, phase field, and

Y, has a brittle hcp structure. In the foundry Industry, Cu-Al alloys
with more than 10w/o Al are avoided because of extreme brittlencss
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caused by the Y, phase. It has also been claimed (49) *“hat the
retained g, phase is inst.:mental in causing brittles s in Cu-
Al nlloys. When nickel is cdded t2 the “u-Al alloys, .urther
difficulties may be encountered be~ause of brittle Ni-Al inter-
metallic compounds. In Cu-Al-Ni polycrystalline samples, the
embrittlement is so severe that essentially no plastic deforma-
tion can be induced prior to intergranular fracture. By optical
examination, the main problem seems to be the formation of a
precipitate at the grain boundaries. Accordingly, a typical
solution would be to increase the grain-boundary area and to
break-u.p the continuity of the grain-boundary precipitate; this
result is often accomplished in various alloy systems by hot
working.

Samples of the Cu-Al1-3.0Ni alloy containing from 12 to
14.2 w/o Al were hot rolled at temperatures from 550 to 900°C,
the reduction usually being greater than 50% (after several
passes). A small but noticeable increase in ductility in alloys
of 12.6 w/o Al and 13.8 w/o Al was achieved by hot rolling at
800°C (80% in 5-10 passes) and water quenching directly from the
rolls. The increase in ductility was, however, not large enough
to be of practical interest. A sample 1/15 inch thick about
3 inches long could only be bent to a radius of curvature of
about 15 inches. These thermomechanical treatments of the Cu-Al-
Ni alloys had a negligible effect on the grain size (the average
grain size stayed at about D=0.5 mm throughout the processing)
The major effect of the hot rolling and quenching seemed to lie
in the breaking-up of the precipitates at the grain boundaries
(as seen in the optical microscope).

To refine the grain size of cast Cu-Al alloys in practice,
the most common element added is iron. Mn is also used in some cases.
The additions of Fe and Mn are also known to depress the M in
Cu-Al alloys (Ni was addec to the Cu-Al alloys in order to depress
the M from about 150-300°C to near room temperature). Thus, the
additions of Fe and/or Mn to replace Ni in the Cu-Al alloys were
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i hOped to have two beneficial effects, The first was that the Fe

' and Mn would refine the grain size and thereby present more grain-
boundary area to any brittle precipitate-enough to make it non-
continuous at the grain boundaries. Secondly, the replacement of
Ni by Fe and Mn might rid the system of any troublesome Ni-Al
precipitates.

A series of samples of Cu-14,0A1 with additions of 2 to
6 w/o Mn and 3 to 5 w/o Fe were induction-melted under a partial
argon atmosphere and cast into an iron mold. The samples were
. solutionized at 950°C and quenched; those containing 4 to 6 w/o Mn
cracked on quenching. The as-quenched samples of 2 and 3 w/o Mn
(at room temperature) showed an equiaxed structure (retained B,)

with clear evidence of precipitates at the grain boundaries. The

3 to 5 w/o Fe alloys were fully transformed to martensite at room
temperature and also showed evidence of grain-boundary precipita-
tion as well as fine precipitatés dispersed throughout the matrix.
Table 11 summarizes the effects of Mn and Fe additions on the grain
size of the cast Cu-Al alloys. The Mn lowered the M, to below room
temperature (in the 3 w/o Mn alloy the Ms was below -20°C, and in
the 6 w/o Mn alloy the MS was below the liquid-nitrogen temperature).
The Fe helped refine the grain size but seemed to have little <ffect
in reducing M, (heating the 5 w/o Fe sample to about 100°C caused

no reversion).

The Cu-Al alloys containing Mn and Fe were hot rolled at
800°C; however, the hot rolling yielded no appreciable improvement
in the ductility. The brittleness, therefore, seems to be little
affected by the presence of Ni. There now remain two probable
causes for the brittleness of the Cu-Al alloys. First,the alloys
of Cu-Al which contain greater than about 10 w/o Al have an equili-
brium structure which is two-phase (a *+ y,) at room temperature,
and it seems as though the formution of the brittle vy, phase at
grain boundaries cannot be fully suppressed even with fairly fast
quenching from the B, field (i.e., quenching into iced brine from
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TABLE ||

THE EFFECT OF Mn AND Fe ADDITIONS ON THE
GRAIN SIZE OF Cu-14w/oAl.

ADDITION GRAIN SIZE
(Wo) (Grains 7 in2)

2% Mn 30-35
3 %Mn 35-40
4 % Mn 45
5 % Mn 55
6 % Mn 70

3 % Fe 50
4 % Fe 65
5 %Fe 200
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.950°C).

Secondly, compression tests on the B, phase of Cu-14,1Al-
3.0Ni single crystals by Shepard (50) indicate that normal slip
is very difficult (at best) in this alloy. The single crystal
samples of (100) orientation were stressed to 100 ksi with no
indication on non-recoverable plastic flow (i.e., plastic flow
caused by slip yielding). The only exception was the develop-
ment of kink bands in some single-crystal orientations. These
results suggest that, when stress-induced transformations take
place in polycrystalline Cu-Al-Ni alloys, the compatibility re-
quirement that five independent deformation systems must operate
in each individual grain can only be met by having at least five
martensitic variants form within each grain. The stress (within
the grain) needed to induce the formation of variants oriented
nonpreferentially to the macroscopically-applied stress may be
sufficiently high to cause fracture at the grain boundaries.

The combination of the brittle intermetallics at the grain boun-
daries and the lack of dislocation-caused plasticity in this

case seem to work together to make Cu-Al alloys lack any appre-
ciable ductility. Solutions to this problem would seem to in-
volve first the removal of the brittle precipitates at the grain
boundary, (thus making the grain boundary more ductile), and second
to lower the dislocation flow stress. Lowering the dislocation
flow stress would allow the proper stress compatibility condi-
tions to operate at the grain boundaries.

4. Studies of Cobalt-Iron Alloys

Certain Co-Fe-based alloys have been found to possess
high damping capacities (see section IV), and specifically, com-
positions near 80Co-20Fe seem to have the highest damping. A
series of micrographs of the 80Co-20Fe alloys are shown in
Figures 116 through 120. The starting material was a rod which
had been swaged to about 60% of its starting diameter. The micro-
structure is shown in Figure 116. Two samples were then encap-
sulated in Vycor and heat treated at 1000°C for one hour--one
sample was water quenched (capsule was broken), and the other
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was air cooled in the capsule. Micrographs are given in Figures
2 117 and 118. They indicate that (1) no martensite was formed

on being cooled to room temperature, and (2) no martensite
formed as a result of the polishing. Further cooling in

liquid nitrogen also gave no evidence of any phase transforma-
tion occurring in either the water-quenched or slowly-cooled
samples.
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Figure 117A shows an area of the sample which underwent ,
considerable grain growth during heat treatment, where as 117B ! i
is another section of the same surface in which a smaller amount
of grain growth was ohserved. The microstructure of the air-

cooled (encapsulated) sample is shown in Figure 118. Again
there were areas with a large amount of grain growth (Figure

AL L AN i Dt s bl

118A) and other areas where the .grain growth was significally 7
smaller (Figure 118B).
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A goal of this part of the investigation was to
identify the damping mechanisms in potential structural
materials which exhibit high damping capacities. The
mechanisms thought to cause the major portion of the damping
in the relevant materials are of the static hysteresis type.
The operative mecahnism is thought to invoive the motion of
twin boundaries, stacking faults, magnetic domain boundaries,
and the interfaces between parent and mar“ensitic phases.
Damping caused by the motion of interfaces is characterized
by being amplitude (or stress) dependent, and by being
essentially frequency independent. The amplitude dependence
of the Co-Fe alloy, which is considered to be a main candidate
material, has been shown in prior reports (3-4-5).- The
frequency dependence of the high damping Co-Fe alloys has
not yet been measured.

oL P SR v AL A £ $iait b s

Because of the strbng probability that magnetic domain-
wall motion contributes significantly to the damping in Co-Fe
alloys, the magnetic-domain structure of 80Co-20Fe was investigated
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118.

T T vk ety gy

(A) Grain Growth of 80Co-20Fe Annealed One Hour
at 1000°C and Air Cooled (in Vycor Capsule)
(200x).

(B) Area of Same Sample Showing Little Grain
Growth (200x).
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using a colloidal suspension of magnetic particles. Figure 119
shows the domain pattern associated with the water-quenched
80Co-20Fe alloy, and Figure 120, the domain structure of the
same alloy after air cooling. The domain size of the water-
quenched sample seems to be somewhat larger than that of the
air-cooled sample.

It has been described in a previous section (Section IV)
how the Co-Fe alloys with a composition near 80 w/o Co-20 w/o Fe
are close to undergoing a fcc-bec transformation at room tempera-
ture. Also the 80Co-20Fe alloy has a Curie temperature which is

" quite high -- near 950°C. The experimentally determined damping

in various Co-Fe alloys (with compositions near 80Co-20Fe) shows
a very strong dependence on whether the alloy is completely fcc
(high damping) or is bcc or some mixture of fcc and bcc (lower
damping). Since the Curie temperature in both the fcc and bcc
phases is very high, it was thought that magnetic domain wall
motion damping could cause of only a portion of the total
damping. It has been shown in the damping tests that the damping
of a suitably heat treated 80Co-20Fe sample was reduced by approxi-
mately 55% when a saturating magnetic field was applied during
testing. This indicates that although magnetic domain wall
damping is important, it is not the sole damping mechan-

ism. Because the 80Co-20Fe alloy displays the highest damping
when the alloy is all fcc (and seemingly about to transform to
bcc), it was proposed that much of the damping is caused by the
alloy being in a metastable phase condition. The exact nature

of the mechanism causing the high damping was, however, not
specified., With the intention of identifying additional possible
damping mechanisms, a study of the microstructure by trans-
mission electron microscopy was initated.

The 80Co-20Fe alloy was rolled (with intermediate
anneals at 1000°C) to a cheet of approximately 1.5 mils thickness,
then annealed at 1150°C (in a quartz capsule backfilled with argon)
for two hours. Samples were theneither air-cooled (in the unbroken
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Fiyure 119 Magnetic Domain Structure of 8(0Co-20Fe Annealed at
1000°C for One Hour and Water Quenched (200x).
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capsule) or water quenched (with the capsule broken). Electron

transparent foils were obtained by electropolishing the

thin annealed sheet in a solution of 80 methanol-20 perchloric
acid at -40°C and about 15 volts. The polish of the heat-
treated sheet was very uneven -- thinnest portions of the sample
were perforated with a large number of fine holes. The samples
beheved as though they were composed of a two-phase mixture

with one of the phases being preferentially attacked in the
electrolytic thinning.

A T.E.M. micrograph of the air-cooled sample is shown
in Figure 121. The matrix was essentially devoid of major faalts,
including stacking faults, dislocation arrays, ctc. The thin area
had an overall mottled appearance. This microstructural feature
may be caused by a fine two-phase mixture, but the diffraction
patterns were of insufficient quality to confirm this. The
diffraction patterns did, however, show the matrix to be fcc.
It is also of interest to note that, using the Lorentz technique
for imaging ferromagnetic domains, the samples failed to show
any magnetic-domain structure.

Figure 122 shows T.E.M. micrographs of a sample of
80Co-20Fe which was water quenched. The general appearance
of most of the thin area is shown in Figure 122A-- that is,
it is a coarsely mottled structure. This again may be due to
a coherent two-phase structure, but the diffraction patterns
were not of high enough quality to support this. The matrix
was indexed as fcc. Underfocussing of the image in Figure
122A yields the micrograph shown in Figure 122B which displays the
magnetic domain structure of the sample. Figure 122C shows some
of the thin areas of the water-quenched sample -- they give the
apprarance of stacking faults, but in this examination :the
faults were not fully identified.

The primary results of the electron microscopy of air-
cooled and water-quenched 80Co-20Fe indicate that (1) the air-
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Figure 121. Transmission Electron Micrograph of Air Cooled
' 80Co-20Fe (Magnification 45000X)
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(C)

Figure 122, Transmission Electron Micrographs of Water Quenched
80Co-20Fe (Magnification 45000X) (A) General Matrix
Appearance, (B) Underfocussed Image Showing Magnetic
Domain Structure, and (C) Straight Lined Faults in
the Matrix. !
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cooled samples examined contained no major faults or interfaces
(including almost no dislocations), and (2) the water-quenched
sample on the other hand did show some faults and also exhibited
a magnetic-domain structure. However, the total number of
faults seen was very small and it is very unlikely that these
fow faults could contribute significantly to the total damping.
Thus, the source of an additional damping mechanism (i.e.,
besides magnetic-domain motion) in the 80Co-20Fe alloy has not
been identified by electron microscopy. However, because of
the large variation in damping with composition and thermo-
mechanical treatment, the mechanism causing the damping seems
to be intimately connected with the fcc-bcc transformation in
these alloys.
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